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DIEBACK OF BALSAM FIR IN ONTARIO! 
F. L. RAYMOND AND J. REID? 


Abstract 


An outbreak of balsam fir dieback in Ontario, which was first reported in 
1954, reached its peak throughout the Province in 1955 and gradually receded 
during subsequent years. The dieback, which involved leaders, branches, and 
occasionally entire trees, appeared when those parts died as the result of their 
proximal invasion by a fungus. Cankering usually accompanies necrosis; fruiting 
bodies may be produced immediately or may not appear until the spring follow- 
ing canker formation. The three fungi most commonly found in association 
with dieback, Thyronectria balsamea (Cke. & Pk.) Seel., Dermea balsamea (Pk.) 
Seav., and Valsa abietis Fr., were shown to be independently capable of inducing 
typical dieback and cankering when inoculated into wounds on transplanted 
trees. It was further shown that adult balsam fir borer beetles (Monochamus 
spp.), which regularly feed on and injure twigs and branches of healthy trees, 
usually carry viable material of one or more of the three common fungi. The 
ability of the beetles to kill twigs was confirmed and it was shown that, although 
dieback frequently develops from wounds made by fungus-infested beetles, no 
dieback ensued in the absence of fungi. The outbreak is believed to have been 
caused by the interaction of several factors (climate, fungi, site, and insects) 
on the host trees. 


Introduction 


Numerous dead balsam fir trees (Abies balsamea (L.) Muill.), conspicuous 
because of the redness of their needles, were observed in widely separated 
areas of Ontario and Quebec during 1954 (24). The greatest mortality of 
entire trees undoubtedly had occurred in Quebec (15). In Ontario, where 
the condition was called ‘“‘canker and dieback’’, usually no more than the 
upper one-half to three-quarters of each affected tree had died, the basal 
portion remaining alive and green. The margin between the living and the 
dead portions of such a tree usually coincided with the proximal edge of a 
canker which had been formed as the result of shrinkage of dying and drying 
bark (19). Similar, but less extensive, cankering of branches and leaders was 
also noted in New Brunswick during 1954, but no tree mortality was reported 
(7) 

In 1955 in Ontario, an extensive survey demonstrated that the condition 
had become common throughout most of the range of balsam fir in the Province 
and that it had become more severe. Affected trees were no longer mainly 

'1Manuscript received October 24, 1960. 

Contribution No. 694, Forest Biology Division, Research Branch, Department of Agri- 
culture, Ottawa, Canada. 

2Regional Research Laboratory (Forest Biology), Maple, Ontario. 

Can. J. Botany. Vol. 39 (1961) 
[The previous number of Can, J. Botany (39, 1-231) was issued January 25, 1961.] 
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confined to roadsides or to other extremely exposed situations. Many of them 
were found to be dead throughout; some had been killed by the extension of 
previously existing cankers, others without having been previously affected. 
Also, in 1955, a fungus, Thyronectria balsamea (Cke. & Pk.) Seel., was found 
to be abundantly associated with the cankers on the majority of affected 
trees (12, 20). 

During 1956 and subsequent years, two additional fungi, Dermea balsamea 
(Pk.) Seav. and Valsa abietis Fr., were found on many of the affected trees 
examined by the authors. Furthermore, it was observed that the cankers 
were frequently associated with wounds, common among which were those 
characteristic of the scars made by adult borer beetles (Monochamus spp.) 
when feeding on healthy, living branches. These findings, together with the 
results of preliminary experiments involving the inoculation of balsam fir 
with isolates of these three fungi, had led the authors to publish a note in 
which it was theorized that most of the dieback of balsam fir in eastern Canada 
probably resulted from the combined activities of fungi and insects. The 
latter were believed to provide entry courts for infection, to inoculate me- 
chanically produced wounds, or to both wound and inoculate the trees (21). 

The present paper is the result of continued studies on the relationships of 
these three fungi and of Monochamus spp. to balsam fir dieback. The probable 
roles of these organisms in dieback are discussed and the possible influence 
of climate and site is also considered. 


Symptomatology and Epidemiology 


Balsam fir dieback is manifested by the dying of all or part of a tree proximal 
to the point of infection or to a previously dead portion. The part which dies 
has been invaded by an infecting fungus or has been cut off by the girdling 
action of such an invasion. Frequently, this invasion can be traced to a wound 
through which the fungus apparently had entered. Any type of wound may 
provide entry for the causal organism, but non-mechanical wounds typical 
of the feeding scars made by adult borer beetles (Fig. 3) are often found 
associated with dieback. Death of the branches or leaders may keep pace 
with their fungal invasion or may not occur until the following spring. A 
newly dead portion of a tree is characterized by the following symptoms: 
any tender tissues have wilted, all of the needles have become strikingly 
reddened, and the bark and outer sapwood have dried and shrunken with 
the result that a canker has been formed. Fruiting bodies may be produced 
by the invading fungus immediately after necrosis; however, they may not 
appear until the following spring. 

The extent of dieback is partly determined by host size. Trees larger than 
6 in. in diameter, breast height, usually do not experience appreciable dieback. 
Trees which are killed in a single season rarely exceed 5 ft. in height. The 
death of any stem larger than 1 in. is more likely to have resulted from its 
having been girdled by fungi invasion through the base of an infected branch 
than from the proximal extension of an infection in the leader. 

The reddened needles of affected trees usually remain attached for several 
years but lose some of their color with each overwintering. Therefore, it is 
frequently possible to distinguish between those portions of a tree which had 
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died in different years, and comparisons can be made between the annual 
rates or extents of invasion; thus, any trends or major changes in rate can be 
visually determined. Examinations of color gradations associated with natur- 
ally occurring dieback revealed that there had been a marked general decline 
in the extent of invasion during the period 1955 through 1959. During that 
same period there also had been a decrease in the incidence of the disease. 
Exceptions to these tendencies have usually been associated with disturbances 
such as logging or road-building. In the latter case, for example, there fre- 
quently is damage and increased exposure of trees at the margins of rights-of- 
way. Both of these conditions result in the lowering of the vigor of those 
individuals for a few years, or in their death. Accumulations of dead and 
dying trees favor the multiplication of borers. 

In areas where no recent disturbances had occurred, most of the trees 
affected by dieback were found on shallow or excessively drained sites and 
in very exposed situations, such as roadsides or the edges of openings. Trees 
in protected situations or on better sites usually were affected only during 
and immediately following years of unfavorable climatic conditions. 


Causal Organisms 


In 1955, Quirke and Hord (12, 20) had found an abundance of Nectria- 
like perithecia in association with the cankered bark on most of the affected 
trees. They believed that this fungus, which was subsequently determined 
by Hord* to be Thyronectria balsamea (Cke. & Pk.) Seel., probably had caused 
the disease. 

By examining the specimens of cankered balsam fir on which their 1955 
reports were based, the authors were able to confirm the great frequency 
and abundance of T. balsamea fruiting bodies and to obtain cultures from some 
of them. Also, a search of the related collection records indicated that of the 
144 samples of dieback which had been received at Maple during 1955, 114 
had borne signs of this fungus. The identification was confirmed by comparison 
with the specimens on which Seeler had based his concept of that species in 
his monograph of the genus Thyronectria (22). These specimens were kindly 
lent to us by Dr. I. M. Lamb, Director of the Farlow Herbarium at Harvard 
University. 

Certain pertinent characteristics of JT. balsamea are appended here in the 
hope that they will be sufficient to distinguish it from other fungi which grow 
on balsam fir, and that their inclusion will help to eliminate some of the re- 
current confusion of its identity. The perithecia of 7. balsamea are gregarious; 
10 or 20 may occur on each stromal pad. Both structures are predominantly 
orange in color. Each ascus usually contains three or four ascospores which 
are variable in size (7-30 XK 3-5), in shape (subcylindrical to fusiform), 
and in septation (irregularly muriform). Apparently within a very short 
time after these spores have been formed, they begin to bud off bacillar 
secondary ascospores or ascoconidia which fill each ascus (Fig. 2) and which 
are the spores commonly extruded through the ostioles in gelatinous masses 
during wet or humid weather. 


*Standard Fruit and Steamship Co., La Ceiba, Honduras. Personal communication. 
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In 1956, it was first noticed that, although 7. balsamea was the fungus 
which was most consistently associated with the cankers of trees affected 
by dieback, two others occurred with noteworthy frequency. The more 
common of these was Dermea balsamea (Pk.) Seav., usually represented by 
the Gelatinosporium stage, G. abictinum Pk.; the other was Valsa abietis Fr., 
usually present in the Cytospora stage, C. abietis Sacc. The identities of these 
fungi were determined by comparison with specimens from the mycological 
herbarium of the University of Toronto, which were kindly lent to us by 
Prof. R. F. Cain. 

The fruiting bodies of G. abietinum are non-osteolate pycnidia. Each is 
immersed in a small individual stroma and is yellow or yellowish green when 
young, but erumpent and black at maturity when it splits open irregularly. 
The simple or slightly lobate cavity contains predominantly simple conidio- 
phores. The conidia are hyaline; they are unicellular and acerose when young 
(microconidia (10-20 X 1-2 uw), and may be one- to four-celled and falcate at 
maturity (50-90 X 3.5-5 uw). They are extruded in mucilaginous masses. 

Mature fruiting bodies of C. abietis are erumpent, brownish, multilocular 
stroma, 500-700 uw in diameter. All of the locules in each stroma open into a 
common central ostiole through which the hyaline, allantoid spores (4-5 X 
1 w) are extruded in yellowish-orange tendrils. 


Observations, Experiments, and Results 


Pertinent observations, together with related experiments and their re- 
sults, are presented in Sections A to F. 


A. INOCULATION OF POTTED BALSAM FIR wITH Thyronectria balsamea 
UNDER LABORATORY CONDITIONS 


Observations made during the 1956 field season clearly demonstrated that 
T. balsamea was still the fungus most commonly found on the cankers of 
affected trees. Consequently, a test of the pathogenicity of this organism 
was undertaken in January, 1957. Twelve apparently healthy young trees 
ranging from 24 to 30 in. in height were brought to Maple from the University 
of Toronto Experimental Forest near Dorset, Ontario. After having been 
root-pruned and individually potted, they were kept on a laboratory bench 
in a humidified room. In addition to the daylight which reached them through 
the windows, they were provided with artificially extended ‘‘days’’ made up 





Fic. 1. Artificially wounded balsam fir twigs from potted trees. The twig on the right 
was inoculated with Thyronectria balsamea. Note that the canker has extended below the 
wound and that all needles distal to it are red. 

Fic. 2. Primary and secondary ascospores of T. balsamea. Both are produced in the 
ascus. X 720 

Fic. 3. Twig with scars resulting from feeding by adult Monochamus beetles during 
three successive years. The lowest scar is the earliest. Only the latest feeding was suffh- 
ciently damaging to cause twig killing. 

-Fic. 4. Affected tree with living basal branches. Immediately above them is the base 
of the stem canker. 

Fic. 5. Typical stem canker. Infection entered the stem through the lower lefthand 
branch-base. 

Fic. 6. Sections of dead stems illustrating heavy fruiting by T. balsamea. 





Raymond and Reid—Can. J. Botany 
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of twh light periods, totalling 15 hours out of every 24. The major period of 
14 hours overlapped the natural day at both ends and the minor period of 1 
hour came in the middle of the natural night. The artificial illumination was 
prodiced by a bank of five 24-in. daylight-type fluorescent tubes interspersed 
with four 18-in. 60-watt incandescent tubes; the total intensity was approxi- 
mately 300 foot-candles at crown level. The lights were turned on and off 
at ajipropriate times each day by an electrical timer. Room temperature 
usually remained near 76° F when the lights were on and near 70° F during 
the seriods of darkness. 

After 10 days, nearly all of the lateral buds on 5 of the 12 potted trees had 
brokén dormancy. After 3 weeks, when their new shoots were growing vigor- 
ously, seven similar branches on each of four of these trees were selected and 
treated as follows: three of the seven branches on each tree were wounded and 
inoculated, two were inoculated without wounding, one was wounded but 
not inoculated, and one was neither wounded nor inoculated. Each wound 
was ade at a point about 4 in. from the tip of a branch by slicing from its 
uppef surface a strip of bark, cambium, and outer sapwood that was } to # 


in. long by about } in. wide. Inocula consisted of agar disks about 2 in. in 


8 
diaméter, each with fungal mycelium on one side of it. Each disk was cut 
from ‘the margin of a 9-day-old culture of T. balsamea which had been grown 
ona plate of modified Hagem’s agar (malt extract, 5 g; glucose, 5 g; KH2PO,, 
0.5 g| MgSO,.7H20O, 0.5 g; NH,Cl, 0.5 g; FeCl;.6H2O, 0.5 ml of a 1% solution; 
V-8 vegetable juice, 200 ml; H2O, 800 ml; and agar, 40 g). A disk was applied, 
mycelial side down, at the appropriate point on each branch selected for inocu- 
lation, and was held in place by means of several turns of sterile gauze. Each 
selecyed branch, whether inoculated or not, was enclosed in a small plastic bag 
contdining about 10 ml of sterile, distilled water. Uninoculated branches 
received neither disk nor gauze prior to being bagged. All bags and gauze 
windings were removed 4 days later. The fifth tree was retained as an un- 
treated control. 

Four weeks later, infections had developed in 8 of the 12 branches which 
had been both wounded and inoculated, and in 1 of the 8 branches which had 
been! inoculated without wounding. No infections were found in the four 
wourded or the four unwounded branches which had not been inoculated; 
neither were any infections found in the untreated tree. A typical infection 
is illustrated by the right-hand branch in Fig. 1. At this time small orange- 
red perithecial initials had begun to form on many of the cankers, and T. 
balsamea was reisolated from all parts of all infected twigs which were sampled. 

THiese results demonstrated that, under the conditions of the experiment, 
T. balsamea was capable of acting as a wound parasite and inducing dieback. 
The symptoms which were produced were similar to those frequently found 
in nature. 

It should be noted that six of the seven trees which remained dormant were 
deadi within 2 months after having been potted. They declined and became 
desiccated in spite of a reasonable supply of water. In four of those six trees, 
the shrinkage which resulted from drying revealed the presence of abundant 
pycnidia of Gelatinosporium abietinum embedded in the bark along their 
stems and branches. 


i 
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B. INOCULATION OF TRANSPLANTED BALSAM FIR UNDER FIELD CONDITIONS 


Transplanted trees were employed in the second inoculation experiment. 
Apparently healthy young trees averaging about 30 in. in height were dug 
from within the University of Toronto Experimental Forest early in April, 
1957, and planted in a cool, moist, protected situation on the grounds of the 
Southern Research Station near Maple, Ontario. This was done to assemble 
the trees in an accessible area which was expected to be relatively free of the 
organisms commonly associated with balsam fir dieback, since the host was 
absent from the vicinity. Late in June, when the transplants appeared to be 
well established and were growing vigorously, a number of them were em- 
ployed in an experiment involving inoculations with mycelia of Thyronectria 
balsamea, Dermea balsamea, and Valsa abietis. Later, other well-established 
transplants from the same lot were subjected to an experiment which involved 
inoculations with spores of T. balsamea or D. balsamea. 


Mycelial Inoculation 

In this experiment, 84 of the vigorously growing transplants were wounded 
and inoculated with the three test fungi, singly or in combination. Twenty 
additional trees, of which 10 were wounded and 10 were not, served as controls. 
Except for the 10 unwounded controls, every tree received five wounds per 
organism prior to inoculation. One of every five wounds which was prepared 
for T. balsamea was made about two-thirds of the way up the stem; each of 
the other four was made about 4 in. from the tip of a branch. Preparation for 
each of the other fungi was made by wounding five branches, each at a point 
about midway between its tip and the stem. An attempt was made to select 
for wounding, branches which were evenly distributed throughout each 
crown. 

Mycelial inocula of the three fungi were grown and applied as in the experi- 
ment with the potted trees. Here, however, each agar disk was wrapped with 
moist, sterile cotton held in place by a small sheet of aluminum foil twisted 
to clasp the branch firmly at both sides of the cotton. Foil and cotton were 
removed 1 week later. 

Certain differences in pathogenic activity were soon apparent. About jth 
of the 7. balsamea inoculations resulted in wilting, needle reddening, and 
cankering within 9 days, regardless of whether those trees had received 
mycelia of the other fungi. With the other ;4ths of the wounds which had 
received 7. balsamea, symptoms of tip killing and dieback appeared more 
slowly, but most of such tips which died did so within 6 weeks after inocu- 
lation, although many of the affected branches did not develop dieback until 
the following spring. Symptoms caused by infections of the other test fungi 
usually began to appear much later in the season; frequently, they did not 
appear until the following spring. 

The results of infections one year after inoculation are summarized in 
Table I. These results indicate that, under the experimental conditions, all 
three test fungi were able to initiate dieback in wounded branches. Appar- 
ently, 7. balsamea is the fastest acting of the test fungi and may be the most 
virulent. 
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‘TABLE I 
Results 1 year after field inoculations of balsam fir transplants with mycelia of 
Thyronectria balsamea, Dermea balsamea, and Valsa abietis 














Results 
Preparation No. No. No.* 

i No. of trees with without 
FuAgus trees trees dead dieback dieback 
24 14 Wounded 4 8 2 
D: 11 = 0 7 4 
we 11 ei 0 4 7 
T,iD 12 a 2 9 1 
pK 12 Bi 4 6 2 
D,:V 12 ae 2 7 3 
T,iD, V 12 48 4 5 3 
None 10 i 0 2 8 
Nene 10 Unwounded 0 0 10 





*Incluiles branches with dead tips which did not give rise to dieback. 


Spore Inoculations 

Naturally occurring infection and dieback may originate more frequently 
by spores than by mycelia. Consequently, the ability of spores of 7. balsamea 
and D. balsamea to infect wounded or unwounded branches was tested on 27 
additional, well-established transplants early in August. On 13 of the trans- 
plants, five branches per fungus were wounded at their midpoints; 14 trans- 
plants were not wounded. Ten comparable trees, five of which were wounded 
and five not, were retained as controls. Aqueous suspensions of spores of each 
fungus were prepared by obtaining the spores from fruiting bodies on freshly 
collected samples of dieback which had been placed in moist chambers. 
Aliquots of these suspensions were sprayed on the wounded or unwounded 
branch midpoints of the 27 test trees. These loci, as well as comparable ones 
on thé control trees, were individually wrapped with moist cotton and sealed 
with foil, as in the previous experiment. Cotton and foil were removed 1 week 
later. | 


TABLE II 


Results 1 year after field inoculations of transplants with spores of Thyronectria 
balsamea and Dermea balsamea 














Results 
f No. Preparation No. trees No. with No.* without 

Fungus trees of trees dead dieback dieback 
T 2 Wounded 5 0 0 
D! 5 “§ 2 3 0 
T, D 3 « 3 0 0 
7 Me 5 Unwounded 0 1 4 
D = 5 3 0 2 3 
TD 4 25 0 1 3 
None 5 Wounded 0 0 5 
None 5 Unwounded 0 0 5 





*Inclides branches with dead tips which did not give rise to dieback. 
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The results of infection 1 year after inoculation are summarized in Table II. 
Clearly, spores of either 7. balsamea or D. balsamea were capable, under the 
existing experimental conditions, of causing dieback when sprayed on wounds 
on branches of the transplanted trees. Similar inoculation of unwounded 
branches less frequently resulted in dieback. 


C. INOCULATION OF NATURALLY GROWN BALSAM FIR IN THE FIELD 


Late in May, 1958, shortly before the breaking of dormancy, 25 naturally 
occurring and apparently healthy young balsam fir trees, which averaged 
about 3 ft. in height, were selected in each of two areas. The first site was a 
dry sand plain near Highway 11, a few miles north of Bracebridge, Ontario. 
Here, the young balsam constituted the predominating reproduction under a 
few immature eastern white pine (Pinus strobus L.) at the edge of a large 
opening. The other site was a moderately deep, fresh till within the University 
of Toronto Experimental Forest. Here, the young balsam were scattered 
among the advanced reproduction of hard maple (Acer saccharum Marsh.) 
and other deciduous species under an open canopy of immature hard maple 
and yellow birch (Betula alleghaniensis Britt.). 

Twenty of the 25 trees selected at each location received five wounds 
each, one on the leader and the others at the midpoints of four branches 
distributed throughout the crown. The wounds of five trees in each area 
were inoculated with T. balsamea, D. balsamea, or V. abietis. The inocula 
were prepared and applied as in the previous experiments employing mycelial 
disks. Each disk of agar and mycelium was held in place for 1 week with 
moist, sterile cotton and aluminum foil. 

The results 1 year after inoculation are summarized in Table III. No 
dieback had been induced by any of the inoculations. However, it should be 
pointed out that on both of the areas involved, nearly 50% of the inocu- 
lations with 7. balsamea had resulted in well-established infections with 


TABLE III 


Results 1 year after field inoculations of naturally occurring balsam fir trees with 
mycelia of Thyronectria balsamea, Dermea balsamea, or Valsa abietis 














Results 
Preparation No. No. No. with 
No. of trees with definite 
Area Fungus trees trees dead dieback infections 
Bracebridge cy > Wounded 0 0 4 
D 5 a 0 0 2 
V 5 a 0 0 0 
None 5 . 0 0 0 
None 5 Unwounded 0 0 0 
Dorset (3 5 Wounded 0 0 4 
D 5 ae 0 0 2 
V 5 7 0 0 0 
None 5 - 0 0 0* 
None 5 Unwounded 0 0 0* 





*One of these trees had a dead tip associated with Monochamus feeding. 
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distinct symptom expression, even though none of the infections had caused 
sufficient proximal extension to justify calling it dieback. On the other hand, 
D. balsamea gave rise to obvious infection in only 4 of 50 wound inoculations 
of trees on the two areas. No apparent infection resulted from attempts 
with V. abietis. 


D. IDENTITY OF A VERY COMMON AGENT OF BALSAM FIR INJURY IN 
NATURE 


During the 1956 and subsequent field seasons, the authors noticed that a 
particular type of little scar could frequently be found on small branches 
and twigs of affected trees in which the symptom expression varied from 
substantial cankering and dieback to tip killing only. However, the origin 
of thesé scars remained unknown to us until the middle of the 1957 season, 
when they were identified as feeding scars made by adult balsam fir borer 
beetles (Monochamus scutellatus Say and M. marmorator Kby.).‘ ‘‘Red 
branch’’ associated with feeding by those beetles was apparently first reported 
from céntral Ontario in 1920-1921 (10). Descriptions of the feeding habits 
and other activities of those species and of related tip-killing were provided 
in 1924 from studies carried out in eastern Ontario (23). ‘‘Red branch” 
attributed to Monochamus feeding was also reported for many points in 
Quebec, and New Brunswick in 1940 (1). 

In Ontario, adult beetles usually begin to emerge in late June or July. 
They feed on the bark and needles of apparently healthy branches through- 
out the summer. Oviposition may occur within a few weeks of emergence. 
Gravid' females select the bark on trunks of dying or recently dead trees in 
which to gnaw slits to receive their eggs. One or two years later, the larvae 
which develop from those eggs will have become adults and will emerge 
througi: bark which may be covered with fruiting bodies (Fig. 6). They will 
then feed upon living trees (23, 4). 


E, ISOLATIONS OF FUNGI FROM BEETLE-SCARRED BRANCHES AND 
FROM BEETLES 


Isolations from Beetle-scarred Branches 

During the later part of the 1957 field season, 142 twigs or branches with 
scars which apparently had been made by Monochamus spp. were collected 
and processed. Symptom expression among the samples varied from none 
(that is, apparently healthy), through needle reddening without bark shrink- 
age, to branches cankered and dead. When a branch sample arrived at the 
laboratory, it was first examined for identifiable fruiting bodies of fungi, 
and their occurrence was recorded. If none could be discovered, the portion 
bearing the scar was liberally painted with a 1% solution of mercuric chloride 
in 95% ethanol. After about 1 minute, most of the outer periderm which 
had been so treated was scraped away aseptically and a number of chips 
consisting of inner bark, cambium, and outer sapwood were placed on plates 


4Mr. Angus Harnden, Regional Research Laboratory (Forest Biology), Sault Ste. Marie, 
Ontario. Personal communication. 
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of modified Hagem’s agar for incubation. One or more of the three fungi 
under investigation here, Thyronectria balsamea, Dermea balsamea, or Valsa 
abietis, was isolated from, or found fruiting on, 117 of the 142 samples. 

To provide data for comparison, 563 samples of diseased balsam fir were 
similarly processed in 1958. The presence of any symptom of infection was 
the criterion for collection, and it was applied without regard to the presence 
of injuries from any source. In the laboratory, as before, identifiable fruiting 
bodies were recorded and any sample lacking them was surface-sterilized 
about the proximal margin of the dead or apparently infected stem tissue. 
Chips were cut from that margin and plated on malt agar. One or more of 
the three fungi under study was found fruiting on or was isolated from 397 
of the 563 samples. 

In both of the series of samples described above, D. balsamea was recorded 
with slightly greater frequency than was V. abietis. T. balsamea was found 
approximately twice as often as either of the other two fungi. 


Isolations from Monochamus spp. 

Two hundred and eighty-six specimens of M. scutellatus or M. marmorator 
which had been trapped at various points throughout Ontario were processed 
in an attempt to determine what fungi they were harboring. Each beetle 
was treated in one of the following ways: (a) shaken at high speed for 15 
minutes in sterile, distilled water which was then diluted and plated on malt 
agar; (b) dipped in 95% ethanol and rinsed in sterile water before being 
treated as in “‘a’’; (c) dipped in a 20% aqueous solution of commercial Javex 
and rinsed, then permitted to crawl over the surface of malt-agar plates for 
varying periods of time; (d) immersed in 95% ethanol until dead (about 5 
minutes) then rinsed and dissected, the mouth parts, antennae, and legs 
being transferred to malt-agar plates; (e) treated as in “‘d’’ except that an 
immersion in 5% aqueous calcium hypochlorite solution and a rinse followed 
the ethanol immersion and rinse. 

The results are presented in Table IV. Nearly 25% of the beetles which 
had received a surface-sterilization treatment and approximately 67% of 
those which had not were found to have been carrying viable material of 
one or more of the three fungi under investigation. 














TABLE IV 
Results of isolations from 286 specimens of Monochamus spp. from various natural 
sources 
No. yielding: 

No. beetles Thyronectria Dermea Valsa 

Isolation procedure processed balsamea balsamea abtetis 
Washing, plate dilutions 100 40 8 19 
Alcohol dip, wash, plating 50 10 1 4 
Javex dip, wash, crawl 50 3 0 0 
Alcohol dip, dissection 50 2 10 10 


Alcohol dip, calcium 
hypochlorite, dissection 36 1 0 + 
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F. INOCULATIONS OF TRANSPLANTED BALSAM Fir BY MEANS OF 
FUNGUS-INFESTED BEETLES 


In April, 1958, a number of additional young, apparently healthy balsam 
fir ranging from 24 to 30 in. in height were obtained from the University of 
Toronto Experimental Forest and planted in a location similar to and about 
100 yd from those planted in 1957. Early in July, when the new transplants 
were well established and were growing vigorously, 36 of them were individu- 
ally enclosed in cages of galvanized wire mesh and were utilized in the follow- 
ing experiment. 

Specimens of Monochamus spp. were obtained by placing, in a cheesecloth- 
covered enclosure, balsam fir logs which were known to contain pupae of 
these beetles and which were not bearing visible fungal fruiting bodies. 
Newly emerged beetles were collected each day. Each was surface-sterilized 
as much as feasible by dipping in 95% ethanol, rinsing, dipping in a 5% 
aqueous solution of calcium hypochlorite, and washing thoroughly in sterile, 
distilled water. Each was then infested with one of the three test fungi by 
placing it in a small moist-chamber containing pieces of bark on which the 
fungus was fruiting. After the beetle had crawled and fed on the bark and 
the fruiting bodies for 48 hours, it was transferred to one of the caged trees 
together with three other beetles of the same infestation history. Eight trees 
per fungus were so treated. The beetles were left in cages until four to nine 
feeding scars could be seen on the tree; the period of time usually did not 
exceed 40 hours. Three control trees received beetles which had been surface- 
treated but which had not been fungus-infested before they were placed in 
the cages and allowed to feed. Three other trees served as untreated controls, 
these receiving no beetles. 

At the end of the feeding period, the cages were removed from the trees 
and the infested beetles were recaptured and returned to the laboratory for 
isolation of the infesting fungi. 7. balsamea was recovered from 75% of the 
beetles on which isolation was attempted, D. balsamea from 44%, and V. 
abietis from 67%. 

Dead tips began to appear on many of the wounded branches within 3 
weeks after treatment. By early October, 3 months after the fungus-infested 














TABLE V 
Results 3 months after the inoculations of balsam fir trees by means of fungus-infested 
beetles 
No. No. 
No. dieback _ yielding 
No. No. scarred No. with No. with branches inoculated 
Fungus trees scars branches dead tips dieback cultured fungus 
T. balsamea 8 84 78 74 60 38 27 
D. balsamea 8 92 74 68 50 36 24 
V. abietis 8 78 68 46 34 34 21 
None 3 34 24 14 2 Fs Tt 
None 3 0 0 0 0 — — 





*All 14 branches with dead tips were processed. , , 
tOne of the two specimens yielded D. balsamea, the other yielded only an undetermined fungus. 
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beetles had fed on the trees, dieback, resulting from the proximal extension 
of infections from feeding scars, had affected a number of entire branches. 
In a few cases where 7. balsamea was involved, well-defined stem-cankers 
were being formed. At that time, all branches with feeding scars were removed 
from the trees and taken into the laboratory for reisolation of the infecting 
fungi. The results of the feeding, infection, and dieback, and of the attempts 
to reisolate the test fungi are given in Table V. 

The results obtained from the feeding by presumably uninfested beetles 
are particularly interesting. Note that on the three trees involved, 14 of the 24 
scarred branches developed dead tips; two of these gave rise to dieback. 
Both cases of dieback yielded fungi; D. balsamea was isolated from one and 
an unidentified organism from the other. None of the other 12 dead tips 
yielded fungi. Clearly, feeding by a beetle can result in the death of that part 
of the branch distal to the injury, but proximal invasion from that point 
apparently requires infection by a fungus. 


Discussion and Conclusions 

From the evidence presented in this paper, it is clear that all three of the 
fungi which have been found in common association with naturally occurring 
balsam fir dieback in Ontario are independently capable of inducing typical 
symptoms of dieback under certain experimental conditions. In descending 
order of frequency and apparent virulence, they are 7hyronectria balsamea, 
Dermea balsamea, and Valsa abietis; the last two are usually represented by 
their pycnidial stages, Gelatinosperium abietinum and Cytospora abietis, 
respectively. 7. balsamea may be the entity which was reported, under the 
synonym Chilonectria cucurbitula (Curr.) Sacc., to have caused “burn blight’’ 
of jack (Pinus banksiana Lamb.) and red (P. resinosa Ait.) pines in Michigan 
and Wisconsin during the period 1940 through 1945 by infecting wounds, 
especially those made and inoculated by the spittle bug (A phrophora sara- 
togensis Fitch) (11). It may also be identical with the fungus reported as 
Nectria sp. in connection with the recent outbreak of balsam fir dieback in 
Quebec (16, 17) and with the fungus identified as Creonectria cucurbitula 
which was reported, in 1942, to have caused girdling cankers of balsam fir in 
northeastern North America (14). In 1952 it appeared during the year after 
death on certain balsam fir which died very quickly after having been attacked 
by the woolly aphid (Adelges piceae Ratz.) in New Brunswick (3). Such 
failure of the fungus to appear during the first year of the necrosis was also 
noted in connection with balsam fir dieback in Ontario (12, 20) and with 
the pine blight in Michigan and Wisconsin (11). 

On the other hand, these three commonly occurring entities are not the 
only fungi which have been found in association with balsam fir dieback or 
which are believed capable of causing the cankers related to that malady, 
either in Ontario or elsewhere. A fourth and still unidentified fungus was found 
to be locally common in one small area of western Ontario. In 1956, a species 
of Godronia was reported to be causing a repeating leader kill of balsam fir 
in Quebec (16). Fusicoccum abietinum Prill. & Delacr. was reported to have 
been responsible for at least a part of the branch and leader cankers found 
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on that host in New Brunswick during 1956 and 1958 (8, 9). It may be the 
imperfect stage of the Quebec Godronia species. Cephalosporium album Preuss 
was believed to have caused the canker and dieback of balsam fir which was 
widespread in Minnesota and Wisconsin from 1933 through 1935 (5). It was 
also found causing cankers on the stems of some of the balsam fir which had 
been artificially wounded in 1937 as a part of a different study in the same 
area (6). 

Of the conditions usually required for the successful induction of dieback 
by any of these fungi, host injury apparently is important. Although it was 
shown that either the spores or the mycelia of the three test fungi were oc- 
casionally capable of causing infection and dieback of uninjured branches, 
it is clear that they usually function as wound pathogens. Some of the in- 
juries frequently found in association with naturally occurring dieback are 
of mechanical origin, but most may have been made by the feeding activities 
of borer beetles belonging to Monochamus spp. It was shown that these 
beetles are not only capable of providing the wound, but are also capable of 
inoculating it if they are infested with one of the test fungi. It was further 
shown that the beetles frequently carry viable material of one or more of 
those fungi. Although an experiment with presumably uninfested beetles 
confirmed their ability to cause tip killing, the evidence indicated that die- 
back of such branches can ensue only after infection. 

With regard to the dying of branch tips subsequent to beetle damage, 
there are indications that such ‘‘red branch” results only when one or more 
additional factors is also present. Faull, who was clearly dealing with tip- 
killing and not with dieback, believed that the branch ends died only when 
the interval between damage and the occurrence of autumn frosts was too 
short to permit the wounds to heal. He noted that 24 of 25 artificial wounds, 
similar to beetle scars, made in October, 1919, resulted in ‘‘red branch’’ by 
the following May. Branches on which he had made similar wounds in July, 
1919, remained healthy (10). Both our experimental results and our field 
observations are consistent with that belief. The experiment with caged 
beetles was terminated only after several weeks of frost. Either the frosts or 
the shock of transplantation of the trees, or both, could have been important 
contributing factors in the death of uninfected branch tips. In the field it 
had. been noted that beetle scars very often do not result in “red branch’’. 
Furthermore, when damaged branches become affected during the summer 
they are usually accompanied by wilting of the current season’s growth and 
Thyronectria balsamea usually can be isolated. In typical “red branch”, 
from which dieback fails to develop, death occurs during the winter and no 
succulent foliage is involved. 

Dieback is the death of host tissues as the result of a proximally extended 
invasion of those or of other tissues by an infecting fungus. For example, an 
infection in a leader may progress downward along the bole and the resultant 
dieback will involve not only the bole, which was invaded, but also the attached 
branches, which were not. However, when an appreciable segment of a bole 
has died, it often has done so as the result of the girdling action of an invasion 
which reached the bole by proceeding inward along a branch (Fig. 4). 

It is not surprising, therefore, that tree size, and more specifically, the size 
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of the infected or invaded branches and stems, should partially determine 
the success of dieback. Invasions apparently do not usually proceed in proxi- 
mal directions along either branches or leaders which are much larger than 
1 in. in diameter. Also, when an invasion has proceeded along a branch to 
the bole, girdling is a common result only if the bole is less than 4 in. in dia- 
meter at that point. If the bole is larger, such an invasion usually results in 
the formation of a localized canker on the side of the bole (Fig. 5). This 
explains the observed size-class distributions of entirely or partially reddened 
trees. Only those trees in the smallest diameter classes are commonly killed 
by dieback in a single year and the proportion of a tree which may be killed 
in any one year is directly related to its size. 

However, even when wounded branches and leaders of appropriate size 
become infected, dieback need not necessarily follow. On the contrary, the 
observations and experimental results presented in this paper support the 
belief that dieback usually occurs only when the vigor of the infected trees 
has been lowered. For example, it will be recalled that successful artificial 
production of dieback was accomplished only with trees which had been 
transplanted prior to inoculation. Of the naturally grown trees in the two 
lots which were inoculated without having been subjected to the shock in- 
herent in transplantation, comparatively few became infected and none 
developed dieback. Although this apparent reduction in the efficiency of 
the fungi may be explained in several ways, relatively high host vigor is the 
one for which perhaps the greatest amount of attributive supporting evidence 
can be derived. 

Most of the trees found affected during 1954 in either Ontario (20) or 
Quebec (15) had grown along roadsides or in exposed, open stands. Also, 
most of them were on shallow or excessively drained soils. 

Furthermore, the influence of climate on the outbreak of dieback was 
recognized in both Provinces. In Ontario, Hord and Quirke (12) stated that 
the ‘“‘extremely dry conditions” which prevailed during 1955 would account 
for the marked increase in incidence over that of the previous year. In Quebec, 
Pomerleau (15) evidently believed that the ‘‘unusually warm and dry weather’”’ 
of 1952 and 1953 had caused the death, in 1954, of the affected trees, which 
were on unfavorable sites. No cankering was mentioned, although he noted 
that several saprophytic fungi (later (16, 17) reported as Nectria sp., Dermea 
sp., and Va/sa spp.) had been found on needles, branches, and trunks of the 
dead trees. Clearly, the roles of climate and site had been so strikingly im- 
portant in the death of Quebec trees that the possible significance of nomin- 
ally saprophytic fungi was, understandably, not given primary consideration. 

In an attempt to determine the extent to which readily available weather 
records can be shown to support general observations such as those that 
1955 was a warm, dry year in Ontario and that 1952 and 1953 were similarly 
adverse in Quebec, Figs. 7 and 8 were prepared. Values for the deviations 
from normal mean temperatures and for the total precipitations for each 
month were calculated from the summary maps of the Monthly Weather 
Maps which are distributed by the Meteorological Branch of the Canada 
Department of Transport. Temperature deviations were plotted directly. 
Precipitation deviations were first determined by comparing the calculated 
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totals with long-term means. Averages of the mean monthly amounts (2) 
recorded at Sault Ste. Marie, Toronto, and Ottawa were arbitrarily selected 
to represent the designated part of south-central Ontario, while amounts 
from Montreal and Quebec City were averaged to represent the designated 
part of southern Quebec. Although monthly average deviations derived in 
this way will mask any very brief or very local extremes in temperature or 
rainfall, there is little reason to doubt that they reflect both the trends and 
the’ major variations through the given years. 

From Fig. 7 it can be seen that, in southcentral Ontario, the growing 
season of 1949 was warm with essentially normal precipitation (warm: nor- 
mal). Those of 1950 and 1951 were cool: wet, while that of 1952 was normal: 
wet. In 1953, the season was normal to slightly warm: normal to moist and 
became warm: dry late in the fall. On the average, 1954 was cool to normal: 
normal to wet, while the 1955 season was hot:dry. None of the succeeding 
summers appears to have been so unfavorable for tree growth and vigor, 
although the early spring of 1958 was hot:dry. In southern Quebec (Fig. 8), 
the summers of 1949, 1953, and 1955 appear to have been the least favorable. 
All three of these seasons tended to be much hotter and drier than normal. 

It is interesting to note that an apparently similar outbreak of balsam fir 
dieback, which occurred in Minnesota and Wisconsin during the period 1933 
through 1935 (5), coincided exactly with the ‘‘dust bowl’ drought years, 
which were said to have been the worst ever recorded in eastern Nebraska, 
western Iowa, and Kansas (26). However, neither insects nor adverse climate 
were reported in connection with that outbreak. The relationship of the 
canker-producing fungus, Cephalosporium album, to the disease may have 
seemed so obvious that no other causal factors were sought. 

The recent outbreak of balsam fir dieback in eastern Canada clearly seems 
to have been caused by a combination of factors acting jointly, even though 
it originally was attributed almost exclusively to fungal attack in Ontario 
and to adverse climate in Quebec. Probably the hot, dry weather which 
prevailed during 1953 was the factor which triggered the outbreak in both 
Provinces. However, even in Quebec the weather had not been sufficiently 
adverse to kill trees which were growing on good sites. Even if no organisms 
were involved there, which is unlikely, the joint action of climate and site 
was required. In Ontario, the influencing factors probably were climate, 
fungi, site, and insects. It is not implied that all of the several acting and 
interacting factors are of equal importance. The relative contribution of 
each to the dieback certainly varies from place to place and from year to 
year, but the basic principle of multiple causation evidently applies. 

A parallel syndrome of multiple causation leading to similar cankering 
and dieback of Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) apparently 
has existed in British Columbia (25, 13 et seq. ann., 18). In both the balsam 
fir and the Douglas fir diebacks, adverse climate apparently had acted to 
reduce the vigor of trees growing in situations which were marginal with 
respect to physiographic site, and the consequence was that nominally sapro- 
phytic fungi were able to attack them parasitically. This is consistent with 
the well-known concept of environmental predisposition of hosts to attack 
by “causal” organisms. However, the difference between the contribution 
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of the environment in these cases and in any instances where a more classical 
host—parasite relationship applies, probably is only a matter of degree. 
There may be an advantage, particularly in forest pathology, in giving greater 
consideration to the role of environment in diseases of all kinds than has been 
commonly done in the past. 
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STUDIES OF LIGNIN BIOSYNTHESIS USING ISOTOPIC 
CARBON 


IX. TAXONOMIC DISTRIBUTION OF THE ABILITY TO 
UTILIZE TYROSINE IN LIGNIFICATION! 


STEWART A. BROWN 


Abstract 


A survey of various plant species for the ability to utilize L-tyrosine as a 
lignin precursor has been extended, and the results obtained on a total of 21 
species, representing seven families of monocotyledons and five of dicotyledons, 
are presented. Only grasses were able to convert L-tyrosine and L-phenylalanine 
to lignin with about equal efficiency, although two members of the Compositae 
and possibly one monocotyledon, Triglochin maritima, showed evidence of some 
ability to utilize tyrosine. One species of Juncus, J. nodosus, was unable to use 
phenylalanine efficiently and another, J. balticus, yielded conflicting results 
with regard to the utilization of both compounds. The findings are discussed in 
relation to known lignification pathways and taxonomic relationships. 


Introduction 


Results of previous research in this laboratory have suggested that the 
ability of plants to utilize L-tyrosine as a precursor of lignin is not widespread 
(1, 2). In fact it appeared to be restricted to the Gramineae, as the only two 
species found capable of using L-tyrosine as efficiently as L-phenylalanine (one 
of the best lignin precursors) were both grasses. In an attempt to explain this 
phenomenon C"-labelled p-hydroxyphenylpyruvic and p-hydroxyphenyl- 
lactic acids were synthesized and fed to a grass and members of other families 
(3). The behavior of these compounds parallelled that of tyrosine. These 
findings were consistent with the theory that the two compounds are inter- 
mediates in the conversion of tyrosine to p-hydroxycinnamic acid, which is 
metabolized in all species thus far tested. 

Although this route has not been ruled out, recent studies by Neish (10) 
have revealed the existence in grasses, but not in other species examined, of 
an enzyme, tyrase, which mediates the deamination of tyrosine to form p- 
hydroxycinnamic acid. Koukol and Conn (7) similarly have reported a phenyl- 
alanase in Melilotus catalyzing an analogous reaction of phenylalanine to 
cinnamic acid, which is known (9) to undergo hydroxylation to p-hydroxycin- 
namic acid. As the formation of this last compound is more simply explained 
by the reactions involving phenylalanase and tyrase than by the reaction 
sequence postulated earlier (3), it is now assumed that p-hydroxyphenyl- 
pyruvic and p-hydroxyphenyllactic acids are converted to lignin via tyrosine. 

The present paper reports the results of a survey of a number of additional 
species which, with the results previously reported, was intended to provide 
a broader picture of the distribution of the ability to utilize tyrosine. It may 
also serve as a guide for future study of the relation between tyrase activity 
and tyrosine utilization for lignin synthesis. 

‘Manuscript received October 16, 1960. 

Contribution from the Prairie ‘Regional Laboratory, National Research Council, Sask- 


atoon, Sask. 
Issued as N.R.C. No. 6153. 


Can. J. Botany. Vol. 39 (1961) 





254 CANADIAN JOURNAL OF BOTANY. VOL. 39, 1961 


Experimental 


All the species tested in the present work, as in previous studies, are either 
native to or extensively cultivated in the Saskatoon area. With the exception 
of Triticum, Hordeum, and Fagopyrum, which were greenhouse-grown, the 
plants used grew out-of-doors in soil. The native species were taken from 
their natural habitats. In most cases plants at or past the flowering stage 
were employed, as there is reason to believe that in herbaceous species the 
younger plants do not lignify at an appreciable rate. 

Cut shoots were taken and in each case the ends were trimmed under water. 
They were then placed in the solutions described in Table I and kept either 
in a greenhouse or in a continuously illuminated growth chamber with a light 
intensity of at least 5000 lux (500 ft-c). In most cases uptake of the solutions 
was complete within 3 to 4 hours. Triglochin maritima and Juncus balticus 
(in the first of two experiments) required considerably longer periods, the 
former not absorbing its solution completely within 24 hours. In this case 
the uptake was calculated after C'-analysis of the residual solutions.. Another 
species, Typha latifolia, would not absorb any visible amount of the solutions, 
and could not be tested. At no time was any evidence of microbial growth 
seen in the solutions. 

The plants were allowed to metabolize for approximately 24 hours after 
uptake of the solutions had ceased. They were then worked up as described 
previously (1), and the m-nitrobenzoylhydrazones of vanillin and syringalde- 
hyde, obtained from the nitrobenzene oxidation of lignin, were combusted 
to carbon dioxide, which was analyzed for C' using an ion chamber. 


Results and Discussion 


The results of the survey are presented in Table I. Species tested earlier 
are included here to facilitate comparison. Inasmuch as grasses, which are 
monocotyledons, were the only species utilizing tyrosine for lignification in 
the earlier investigations, the emphasis here has been placed on the mono- 
cotyledons in an effort to detect any extension of this metabolic peculiarity 
beyond the Gramineae. Representatives of seven families in this group have 
now been studied, as well as five families of dicotyledons. No gymnosperms 
have been examined, but the finding of Kratzl and Billek (8) that spruce will 
not convert p-hydroxyphenylpyruvic acid to lignin gives no reason to believe 
that tyrosine is a lignin precursor at a lower taxonomic level than the angio- 
sperms. Although the present survey is of necessity very incomplete, an at- 
tempt has been made to run the gamut among both monocotyledons and 
dicotyledons from the Gramineae and Compositae down to the less highly 
developed families such as the Sparganiaceae and Salicaceae. 

The efficiencies with which phenylalanine and tyrosine were utilized can 
be seen by a comparison of the dilution values in the last column on the right, 
the lower dilutions signifying more efficient utilization. It should be empha- 
sized that the dilution figures are strictly comparable only in those cases 
where the precursors were fed at comparable dose rates; dilution values are 
sensitive to fluctuations in dose rates when these rates are low (12) as they 
were in almost all the species studied here. 
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The additional findings reported here reinforce the earlier conclusions 
that the ability to utilize tyrosine in lignification is very restricted among 
plants. With one doubtful exception, to be discussed later, the efficiency of 
tyrosine utilization approached or exceeded that of phenylalanine only among 
grasses. In most other species the efficiencies differed by a factor of at least 
10, and in some cases more than 100. There is evidence that in the species of 
Compositae examined, especially Zinnia, tyrosine can undergo some conversion 
to lignin. Somewhat more efficient tyrosine utilization was also observed in 
Triglochin, a monocotyledon. In all these cases, however, the phenylalanine 
pathway is clearly the major one. 

The genus Juncus appears to present some anomaly in the general picture. 
In J. nodosus the C" of phenylalanine was diluted in the range 3150 to 4400, 
whereas in other species receiving comparable doses of phenylalanine (e.g. 
Sparganium and Scirpus) dilutions some 10 times lower were found. In J. 
nodosus tyrosine was utilized more poorly still. In contrast J. balticus appeared 
to have the poorest phenylalanine utilization of any plant yet tested, and it 
appeared to utilize tyrosine very well. As the results with J. balticus were so 
seriously out of line with those found for other members of the genus, a 
second experiment was done later in the season. This time the opposite result 
was obtained, with phenylalanine being used much more efficiently than 
tyrosine. The findings for J. ba/ticus thus must be regarded as inconclusive. 
It should be pointed out, though, that in the first experiment with this species 
the administered phenylalanine was not readily translocated in the plant. 
Examination with the end-window probe of a monitor just before harvesting 
revealed a failure of the C™ fed as phenylalanine to be translocated more 
than 5 cm up from the cut end, or only about 1/10th of the total distance. 
The C™ from tyrosine was translocated normally. In the second experiment 
both compounds were readily translocated. These facts suggest that it is the 
data from the first experiment which should be regarded with suspicion. 

At present the findings of this survey seem best explained by variations 
in the relative proportions of two enzymes, probably phenylalanase and tyrase, 
participating in alternative pathways through which prephenic acid is anabo- 
lized to p-hydroxycinnamic acid. In most species the tyrase activity is pre- 
sumably very low, and little if any lignin is formed from tyrosine. In some 
species more activity is present, and a small amount of tyrosine can be utilized 
in lignification, but the major pathway still involves phenylalanine. Some 
members of the Compositae, which is regarded as the family of dicotyledons 
most highly developed morphologically, appear to fall in this category. The 
Gramineae, which occupy an analogous position among monocotyledons, 
seem to have developed a very active tyrase which enables the plant to utilize 
tyrosine on an equal basis with phenylalanine. The existence of other families 
or individual species with similar ability remains possible. It would be of 
considerable interest to examine the genus Luzula, also of the Juncaceae, 
which is similar in some morphological characteristics to the grasses. This 
genus is not native to the region of Saskatoon. 

It is still uncertain whether the observed differences can be explained 
entirely on the basis of the relative tyrase and phenylalanase activities in 
various species. Correlation of enzyme activities with the ability of plants to 
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utilize the respective substrates will be necessary before rigid conclusions 
can be drawn. It is hoped to pursue this question here at a later date. 

The author wishes, finally, to draw attention to the possible taxonomic 
significance of this type of study. In the past decade or two, efforts have been 
made (4, 5, 6) to relate chemical constituents of plants to their classification. 
The work of Gibbs and his associates (4, 11) with regard to lignin compo- 
sition is of special interest in the present context. The studies described here 
offer a direct and relatively simple means of demonstrating species differ- 
ences in biochemical reactions, although such differences are naturally in- 
ferred in studies on components. Although a study of reactions leading to 
some other products may well be of value in classification, biochemical varia- 
tions in respect to the formation of lignin could be of particular value because 
of the virtually universal distribution of this substance in families from the 
ferns up. As only 21 species have been tested in the present survey, the find- 
ings can hardly more than point up the possibilities of this approach. Any 
elaboration must be left to those whose interests are primarily in systematic 
botany. 
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STIMULATION BY LIGHT OF SPORULATION IN 
TRICHODERMA LIGNORUM (TODE) HARZ' 


J. J. MILLER? AND JAMEs REID* 


Abstract 


Exposure of growing cultures to white light caused subsequent formation of a 
ring of conidia- bearing mycelium at the location occupied by their advancing 
margins at the time of irradiation. Violet and blue light were very effective in 
stimulating sporulation, green was less so, and yellow and red were ineffective. 
An exposure to white light of the order of 1 foot-candle for 1 minute sufficed to 
initiate the sporulation response. 


Introduction 


In a study of the occurrence of yeasts in soils described by Miller and Webb 
(7), cultures of Trichoderma often developed in the nutrient medium of the 
dilution plates. In one such plate that had been left on the laboratory desk for 
several days conidial development was observed to be concentrated in con- 
centric circles as in Fig. 1, indicating that some diurnal factor was influencing 
sporulation. This proved to be light, since the conidial formation by the fungus 
(identified as 7. lignorum (Tode) Harz) in pure culture was found to occur in 
a few sparse tufts not annular in arrangement when grown in the dark. Brief 
exposure of a growing culture to light resulted in subsequent development ot 
a ring of conidia-bearing mycelium at the location occupied by the advancing 
margin of the culture at the time of exposure. Cells a-few millimeters back 
from the margin were evidently not stimulated to produce conidia even by 
quite strong light. 

As this organism obviously provided favorable material for a study of the 
effect of light on conidial formation, several experiments were carried out to 
investigate the relationship between intensity and wavelength of light and 
conidial production. 


Experimental 


The nutrient medium used in all the aeparenente was potato dextrose agar 
(Difco), to which had been added 0.003% rose bengal dye. This had the ad- 
vantage of slowing down the usually rapid growth of the fungus to one-third 
of the normal rate so that the rings were narrower and more sharply delimited. 
Petri dishes containing the medium were inoculated with mycelial transfers 
from a selected stock culture of 7. lignorum. These cultures were then placed 
in a copper sterilizing can or else wrapped in opaque paper, and incubated at 
27° C. When the cultures had grown to a suitable size, they were exposed in 
a photographic darkroom for varying lengths of time to light from a 25-watt 
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incandescent lamp. Figure 2 demonstrates the response of a culture growing 
across a plate of this medium to exposure to light for 1 hour on successive days, 
and for comparison a plate exposed to continuous light is shown in Fig. 3. 

To determine the amount of light required to produce a ring of conidia- 
bearing mycelium, cultures were exposed at varying distances from the 
light source. The light intensity was estimated with a General Electric light 
meter, model 8DW40Y2. When exposure time was sufficiently long to permit, 
the margin of the colony was marked on the underside of the petri dish with 
a glass-marking pencil. 

TABLE I 


Effect of exposure to light on sporulation in Trichoderma 











Maximum Minimum 
Light exposure that did exposure required 
Experiment intensity not form rings to form rings 
No. (ft-c) (seconds) (seconds) 
6 1 60 120 
7 1 - 16-30 
+ 2 5-10 10-15 
S 2 5-10 10-15 
3 2 24 26 
2 2-2.5 — 15 
10 3 4 8 
9 4 + 8 
8 5 0-2 4 
1 30 0 1 





The results of 10 such experiments are given in Table I. At a light intensity 
of 2 foot-candles at least 10 seconds’ exposure was required for subsequent 
ring formation. Not all experiments, however, gave identical results: for 
instance, in experiment 3 at a light intensity of 2 ft-c at least 26 seconds was 
required. Nevertheless, the values obtained indicate that a small amount of 
white light, of the order of 1 ft-c for 1 minute, sufficed to initiate sporulation. 
The location of the ring of conidia-bearing mycelium appeared to coincide 
with the margin of the colony at the time of exposure, confirming the observa- 
tion mentioned above that only the young cells responded to light stimulation. 

The effectiveness of light of different wavelengths was compared by expos- 
ing growing cultures to light from a mercury lamp using filters that allowed 
passage of certain wavelengths only. 

The results of these experiments are given in Table II. As the light meter 
used was about 70% as sensitive in the blue-green as in the green-yellow, the 
incident light energy must have been somewhat greater at the former wave- 
lengths than that stated in Table II. Nevertheless, the data provide evidence 
that the violet and blue wavelengths were very effective in inducing conidial 
formation, the green less so, and the yellow ineffective. The latter point was 
supported by further experiments in which growing cultures were exposed to 
a Westinghouse yellow incandescent light bulb (27 ft-c for 10 minutes) and 
to a Wratten series OA yellow photographic ilter (2 ft-c for 60 minutes). No 
rings formed in either case. A red incandescent light bulb (4 ft-c for 60 seconds) 
gave the same result. 





Fic. 1. Response of growing culture of 7. lignorum to diurnal fluctuations in light from 
a north window. 

Fic. 2. Response of 7. lignorum to exposure to light from a 25-watt incandescent lamp 
for 1 hour on successive days. The wide space between the fourth and fifth rings from the 
top represents a period of 48 hours during which no exposure was made. 

Fic. 3. Response of 7. lignorum to exposure on laboratory bench to continuous light 
from a 25-watt incandescent lamp plus diurnal fluctuations in light from north window. 
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TABLE II 
Effect of light of different wavelengths on sporulation in Trichoderma 











Time of Conidial 
Wavelength Intensity (ft-c) | exposure (sec) development 
Violet (4047, 4078 A) 1 20 Marked ring 
Blue (4358 A) 10 10 Marked ring 
Green (5461 A) 2 20 Slight ring 
Yellow (5791, 5769 A) 10 10 No ring 





In these experiments no assessment was made of the light absorbed by my- 
celium and medium, and transformed into heat. It seems unlikely, however, 
that light of such low intensity and duration would produce enough heat to 
be of significance. 


Discussion 


Gutter (3), in a study of several isolates of Trichoderma viride, has obtained 
results similar in many respects to those reported here. Exposure to light of 
85-90 lux intensity for 20-60 seconds was sufficient to initiate sporulation. 
The writers’ finding that exposure to light of 1 ft-c intensity for 1 minute 
induced sporulation of 7. lignorum indicates that a low but similar amount of 
light suffices to induce sporulation in representatives of both species. Gutter 
found that sporulation of most of his strains was induced only in that part of 
the mycelium which was at a distance of about 5-10 mm from the advancing 
hyphal tips at the time of irradiation. The writers did not observe this effect. 
The rings of conidia appeared always to form at the location of the ad- 
vancing edge, a response which, incidentally, was also shown by Gutter’s 
isolate No. 12. 

Red light was found by Gutter to be ineffective in inducing sporulation of 
T. viride. The writers also observed this and showed yellow light to be similar. 
Barnett and Lilly (1) working with several fungi, including an isolate of 
T. lignorum, observed stimulation of sporulation by white light. Blue light 
gave an effect similar to white, whereas in red light sporulation was reduced, 
greatly delayed, or absent. Similar results have been reported for a number of 
other fungi (2, 6, 5). When fungi need light to sporulate, it is nearly always the 
blue end of the visible spectrum that is the more effective. (See Hawker (4).) 

As Hawker has observed, many fungi either in natural habitat or in arti- 
ficial culture produce alternate zones of different growth as a result of diurnal 
fluctuations in light intensity. Most of these result from stimulation (or occa- 
sionally from inhibition) of sporulation by light. The results of the present 
study provide another illustration of this general response. As the organism 
studied is presumably soil-dwelling, the ecological value of producing spores 
specialized for aerial dissemination only under the influence of light seems 
evident. 
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INCORPORATION OF P® INTO RIBONUCLEIC ACID OF 
RUSTED WHEAT LEAVES! 


R. ROHRINGER? AND R. HEITEFUSS 


Abstract 


P®-labelled orthophosphate was fed to rusted and non-rusted wheat leaves. 
The ribonucleic acid (RNA) isolated from this material was purified and its 
specific activity determined. The specific activity of RNA from susceptible 
reacting tissue had increased 60-208% 43 days after inoculation, but 7} days 
after inoculation it was not markedly different from RNA preparations of 
uninoculated leaf material, indicating an increase and eventual decline in RNA 
synthesis of the host—parasite complex. In the resistant reaction incorporation of 
P® into the RNA was unaltered by infection. The possible metabolic significance 
of these observations is discussed. 


Introduction 


Metabolic investigations involving obligate parasites have demonstrated 
the possible significance of phosphorus-containing compounds in these host— 
parasite relations (7, 11). When introduced into detached leaves a number of 
labelled compounds, including P*-labelled orthophosphate, are selectively 
accumulated near sites of infections (1, 2, 3, 9, 10, 13). No information is 
available on the extent to which the introduced orthophosphate is metabo- 
lized and in which chemical form this label is eventually contained in para- 
sitized host tissues. One important aspect of the phosphorus metabolism of 
rusted leaves may be the synthesis of nucleic acids by the host and (or) the 
parasite as suggested by the increased RNA stainability of host nuclei after 
infection and the high RNA content of hyphal tips of the rust fungus (6). In 
the present paper results are reported on the isolation, purification, and 
specific activity of RNA from resistant and susceptible reacting wheat leaves 
prior to and following infection with rust. 


Materials and Methods 


Six-day-old wheat seedlings of varieties Little Club and Khapli, grown in 
growth chambers at 28°C, were inoculated with physiological race 21 of 
Puccinia graminis tritici or with physiological race 52a of Puccinia recondita, 
the former giving rise to a susceptible reaction on Little Club and a resistant 
reaction on Khapli, the latter producing susceptible reactions on both host 
varieties. The inoculated plants remained in moist chambers for 36 hours 
at 20° C and were subsequently transferred into growth chambers at 28° C. 
Uninoculated control plants were treated in the same manner. The first 
leaves were detached 44 days and 73 days after inoculation, put with their 
cut ends into tap water or Knop’s nutrient solution for 2 hours, transferred 
to similar solutions containing P*®-labelled orthophosphate (1.5 to 3.5 mc/ml), 
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and maintained for 8 hours at 27°C, 55% relative humidity, and approxi- 
mately 8000 lux (834 ft-c). After exposure to the radioactive solutions, samples 
of the leaf material were retained for determining dry weight (5 to 10 mg) 
and the radioactivity taken up (0.02 to 0.15 mc/mg dry weight). Sample 
leaves were cut into small pieces, immediately plunged into liquid air, and 
ground to a fine powder with solid CO:. After sublimation of the CO, at —5° 
C each sample was extracted with 150 ml boiling 96% ethanol and the re- 
sulting suspension filtered through sintered glass (G-4, Schott and Gen., 
Jena). The residue was washed several times with acetone to remove chloro- 
phyll. 

For extraction of RNA from the air-dried powder, the method of Markham 
(4) was applied. Uowever, in order to obtain sufficiently pure RNA prepara- 
tions, it was necessary to repeat the ethanol/acetic acid and HCl-precipitation 
steps. The purified RNA preparations were taken up in 10 ml 0.5 M NaCl 
solution (pH 7.5). 

Phosphorus determinations were carried out in test tubes according to 
Umbreit et al. (p. 273) (12). For spectrophotometric analysis of RNA prepara- 
tions a Zeiss spectrophotometer (model PMQ II) with 1-cm quartz cells was 
used. For determination of activity the RNA solutions were diluted 11-fold 
and the activity measured with a beaker-shaped G-M tube accommodating 
liquids. All counts per minute recorded were corrected to give the activity 
at time of harvesting. 


Results and Discussion 


Accurate and reliable determinations of specific activity depend on the 
purity of the compound under investigation. Dialyzed solutions of RNA 
preparations (in 5X10? M NaCl, at pH 6.0; 1.86 mg _ phosphorus/ml) 
exhibited absorption minima at 234 to 237 my and absorption maxima at 
258 to 259 mu. In all cases extinction at 320 my was negligible and the ratio 
Emax/Emin Very close to 1.8, both characteristics pertaining to RNA solutions 
of high purity (4). The absorption at 258 my calculated for 1 M RNA- 
phosphorus ranged from 7000 to 8630, indicating that most of the RNA had 
remained undegraded during extraction and purification (4). 

Enzymatic degradation with ribonuclease under standard conditions (5) 
yielded equal amounts of breakdown products when the isolated RNA pre- 
parations were compared with a commercially available RNA sample (Schu- 
chardt, ‘‘reinst’’). Possible contaminations with protein were below limits of 
detection. 

Since the specific activity of RNA may depend in part on the isotope con- 
centration in the tissue, an effort was made to determine the total activity 
taken up per mg dry weight or phosphorus content of leaf tissue. This infor- 
mation was later used to correct the experimentally determined specific 
activity of RNA. Variations in the amount of activity taken up by individual 
samples (Table I) are primarily caused by differences in the activity of isotope 
_ solutions in various experiments and by different rates of water uptake and 
transpiration rates in healthy and inoculated leaves. In spite of rigidly con- 
trolled and standardized conditions during exposure to the isotope solution, 
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replicate samples showed considerable variation in the amount of activity 
taken up by each individual leaf. This is believed to be due to partial and 
uncontrollable blockage of xylem vessels on detachment of leaves. Up to 
five leaves of each sample were therefore used to determine the average 
activity taken up. 

The various RNA preparations exhibited activities between 0.56 and 12.4 
<10* c/m/ml; with a counting efficiency of 9.8% of the equipment used, 
this corresponds to approximately 0.08 to 1.0 mc/mg RNA phosphorus. An 
account of the relative specific activities for RNA preparations, as determined 
by analyses and corrected for uptake of radioactivity into the leaf material, 
is given in Table I. Corrections for isotope uptake, whether based on dry 
weight or total phosphorus, did not substantially alter the trend observed 
for incorporation rates of P*® into the RNA of the various samples. 

The increase in specific activity of the RNA during the first stages of disease 
development (43 days after inoculation) in the susceptible reaction can be 
attributed to an increased biosynthesis of RNA in the host—parasite complex. 
At 7} days after inoculation the specific activity of the RNA isolated from 
inoculated tissue is not markedly different from that of uninoculated leaf 
material, indicating a decline of RNA synthesis after the initial period of 
spore formation of the parasite. This view is supported by the recent report 
(8) that the RNA content of Little Club leaves is nearly doubled 7—9 days 
after inoculation with rust, but may decline again as the infections age. The 
observed differences in specific activity may, alternatively, reflect a postin- 
fectional change in pool sizes of immediate RNA precursors. Further studies, 
employing microautoradiographic techniques, are in progress which may 
clarify whether the early increase and eventual decline in incorporation occur 
chiefly in the affected host tissue and (or) in the developing fungus. 

In the resistant reaction the incorporation of P® into the RNA of the host- 
parasite complex is essentially unaltered by infection. This may be due to the 
sparse growth of fungal mycelium in these tissues and (or) the failure of the 
affected. host tissue to respond with increased synthesis of RNA. As with 
most biochemical analyses of parasitized tissue, it is difficult to discriminate 
between the metabolic activity of the obligate pathogen and the host. The 
chemical composition of RNA from rusted wheat leaves differs only slightly 
from that of healthy leaves (8). An interpretation of the metabolic significance 
of the above observations must therefore be purely speculative, until infor- 
mation is available on the histological localization of the incorporation sites. 

The relatively low specific activity of RNA from leaf rust infected tissue 
43 days after inoculation can be attributed to the fact that P. recondita 
completes its cycle sooner than P. graminis tritici and may at this time already 
experience a decline in incorporation of P*® into the RNA, which for stem 
rust infected leaves was observed as late as 7} days after inoculation. 
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NATURAL SELECTION AMONG HYBRIDS BETWEEN CARDUUS 
ACANTHOIDES AND C. NUTANS IN ONTARIO! 


GERALD A. MULLIGAN AND RAYMOND J. MOORE 


Abstract 


Natural hybridization is occurring between two introduced thistles, Carduus 
acanthoides L. and C. nutans L., in the southern half of Grey County, Ontario. 
The morphological variation of ‘plants i in 37 fields, including a field near Price- 
ville previously studied in 1952, was evaluated by means of a hybrid index in 
1957. Carduus nutans was first established in the hybrid area and C. acanthoides 
was introduced later, probably from the region northwest of Owen Sound, into 
waste land near Flesherton, where hybridization first occurred. Many large 
hybrid populations were found in the southern portion of Grey County and most 
of these hybrids were _very similar to C. acanthoides in morphology. It was 
concluded that there is a numerical supremacy of acanthoides-type hybrid 
segregates in the hybrid area, and that such hybrids are better adapted for 
survival under local conditions than C. nutans and will probably supplant the 
latter species. 


Introduction 


Natural hybridization between two species of introduced thistles, Carduus 
acanthoides L. var. acanthoides and C. nutans L. var. nutans, was first noted 
in 1951 in Grey County, Ontario. In the following year the population of one 
field containing both parental species and hybrids was studied and the general 
extent of hybridization in the county was reported by Moore and Mulligan (3). 
The morphological variation of hybrid plants was evaluated by means of a 
rite index score. The species differ in chromosome number C. acanthoides 

n=22, C. nutans 2n=16; among the hybrids all intervening chromosome 
pit se were found. There was a close correlation between chromosome 
number and hybrid index; hybrids with the chromosome number of a first 
generation hybrid (2x=19) had an index intermediate between those of the 
parental species. Plants with other aneuploid numbers had a phenotype in 
keeping with their chromosome number. Many plants were later raised from 
seed collected from hybrid plants and it was noted that seedlings of somatic 
number 22 were much more abundant than those of other numbers. This 
fact suggested that ecological and gametic selection may be acting in this 
area to favor production of plants with the chromosome number and morpho- 
logy of C. acanthoides. 

Grey County was revisited in July of 1957 for the purpose of learning 
what change in the relative abundance the parental species and the hybrids 
may have undergone in the preceding 5 years. It was the intention also to 
observe whether changes in index balance had occurred, whether hybrid 
populations are segregating toward the phenotype of either parent, and to 
observe what success the parental species and hybrids may be having in com- 

1Manuscript received August 3, 1960. 
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petition for the available habitats. The observations of the 1952 and 1957 
surveys will provide historical information for future comparison. 
Materials and Methods 


The hybrid index developed in the 1952 survey was again used in the 
present study. Plants were scored on the bases of the following six characters. 


Head solitary 2 Heads clustered 0 
Heads nodding 4 Heads erect 0 
Peduncles not spiny-winged 4 Peduncles spiny-winged 0 
Phyllaries reflexed 4 Phyllaries spreading 0 
Phyllaries unmarked 1 Phyllaries marked 0 
Phyllaries contracted at the base 4 Phyllaries not contracted 0 


The sum of the score of each character of one plant is the hybrid index 
of the plant. When scored in this manner, typical C. acanthoides has an index 
of 0 and typical C. nutans has an index of 19 points and hybrids would have 
intermediate values. The characters which separate these Carduus species are 
described in detail by Mulligan and Frankton (2). 

Approximately 150 miles of road, chiefly along Provincial Highways 4, 6, 
and 10 were travelled and a careful watch for Carduus plants in the adjacent 
fields was maintained. The parental species could be recognized from the 
road. In the area in which hybrids occurred, stops were made at intervals of 
approximately 1 mile and the nearest field containing Carduus plants was 
entered and the population studied in detail. These fields, called hereafter 
“index areas’’ were assigned numbers from 1 to 36, as shown on the map 
(Fig. 1). The nature of the population, whether purely C. acanthoides or 
C. nutans or a mixture of hybrids with or without parents, is indicated by 
the symbol shown with the area number. Numerous other fields were observed 
without close inspection and the nature of the population of these fields 
is shown by unnumbered symbols. 

When the fields examined contained a large and variable population the 
following procedure was used. The whole area was inspected to determine 
whether hybrids alone were present or whether plants typical of either or 
both parental species occurred. The abundance and location of plants of 
different types were roughly mapped and then plants selected at random 
from each type were scored by the hybrid index in the field. So far as the local 
situation permitted, plants representative of different parts of the field and of 
different phenotypes were indexed. 

The following summaries show the location, type of habitat, and present 
nature of the Carduus population. 


Observations 

The soil types of the areas surveyed have been classified by Gillespie and 
Richards (1) as follows: Osprey loam—index areas 1, 2, 27, 28, and 36; Donny- 
brook sandy loam—index areas 3, 6, 7, 10, 11, 12, 13, and 31; Pike Lake 
loam—index areas 4, 5, 8, 9, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 25, 29, and 
35; Harriston loam—index areas 24, 26, 30, 32, 33, and 34. All of these soils 
are well drained, moderately to very stony, often hilly, and very susceptible 
to water erosion. Most of the index areas were pastures or, occasionally, 
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abandoned farm land, and in many fields there was little competition from 
other plants. 


Priceville Field 

This area, previously studied by Moore and Mulligan (3) in 1952, is located 
1 mile east of Priceville in Conc. IN, Artemesia Township. The study area, 
about 1700 sq. ft, was isolated at the top of a hill at an elevation of 1600 ft 
above sea level and about 50-75 ft above the nearby road. The grass cover at 
the time of the earlier survey was poor, and the pasture was not being grazed, 
but in 1957 the grass cover was fairly good and cattle were grazing at this 
location. Carduus was relatively common here in 1952, but in 1957, because 
of increased competition from other plants, the Carduus population was 
substantially reduced. In 1952 both parental species were present in small 
amounts and also many hybrids that were of low index score. In the sample of 
26 plants indexed in 1952, 17 plants scored from 1 to 9 (av. 5.3), 5 had indices 
from 10 to 16 (av. 12.2), 2 had the index of C. acanthoides (0), and 2 that 
of C. nutans (19). In 1957 all the plants present on this hill were hybrids, 
and these had segregated even closer towards C. acanthoides than those seen 
in 1952. All 24 plants in flower on top of this hill in 1957 were indexed, 22 had 
indices from 1 to 9 (av. 3.6), and 2 plants had indices of 11 and 16. Both 
parents had been eliminated from this area since 1952. The fact that only 
hybrids, most of which had a low index score, occurred in this field in 1957, 
although both parental species and a wide range of hybrids are known to have 
been present 5 years before, indicates that acanthoides-type hybrids have a 
survival value superior to that of both species. It is proof also that a field 
presently occupied solely by hybrids has not necessarily been colonized by 
hybrids but may once have contained both species and been a center of hybri- 
dization. 
Index Area 1 

Location: 2} miles northwest of Owen Sound, on road to Kemble. Three 
very stony, moderately sloping pastures were occupied by a large stand of 
Carduus plants, all typical C. acanthoides. 


Index Area 2 

Location: 2 miles north of Chatsworth, Conc. I, lot 1, Sullivan Twp. A 
large stand of plants was growing in several very stony, moderately sloping 
pastures, all plants were typical C. acanthoides. 


Index Area 3 
Location: 3.8 miles south of Chatsworth, Conc. I, lot 13, Sullivan Twp. 
Scattered plants of Carduus in a rocky pasture, all were typical C. mutans. 


Index Area 4 

Location: 3 miles south of Williamsford, Conc. I, lot 63, Holland Twp. 
A dense stand of Carduus occupied a rocky, rolling pasture, all plants were 
typical C. acanthoides. 


Index Area 5 
Location: 2.2 miles south of Doronock, Conc. I, lot 13, Glenelg Twp. All 
Carduus plants in this rocky, rolling pasture were typical C. nutans. 
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Index Area 6 

Location: 1 mile south of Durham, Conc. I, lot 28, Glenelg Twp. Carduus 
plants occupied a pasture with a central, high, dome-shaped hill. A large 
patch of C. nutans covered one side of the hill and on top of the hill, about 
40 yards from the C. nutans stand, was a small patch of C. acanthoides. Between 
the two patches were occasional hybrids with low indices. Of 20 plants indexed, 
3 were hybrids with indices from 2 to 6 (average 4.0), 5 were typical C. 
acanthoides, and 12 were typical C. nutans. 


Index Area 7 

Location: 2.6 miles south of Durham, Conc. I, lot 6, Egremont Twp. 
The Carduus plants circled a lone spruce tree and extended from this ring 
across the pasture at the end of the field remote from the highway. Mostly 
hybrids, few C. acanthoides, and no C. nutans occurred here. Sixteen plants were 
indexed ; 14 were hybrids with indices from 1 to 6 (av. 4.5) and 2 had an index 
of 0. 


Index Area 8 

Location: 6.7 miles south of Durham, Conc. I, lot 25, Egremont Twp. 
Plants were growing within and about the remains of a foundation of an old 
house in a pasture. All the Carduus plants appeared to be hybrids that had 
segregated strongly towards C. acanthoides. The 20 plants indexed were all 
hybrids with indices from 1 to 6 (av. 4.4). 


Index Area 9 

Location: 6.8 miles south southeast of Durham, Conc. II, lots 30 and 31, 
Egremont Twp. A pasture with a central high area was occupied chiefly by 
hybrids, but also a few C. acanthoides and C. nutans. Of 24 plants indexed, 
15 were hybrids with indices from 2 to 9 (av. 3.0), 3 were hybrids with indices 
from 13 to 16 (av. 14.7), 4 plants had the hybrid index of C. acanthoides (0), 
and 2 plants had an index of 19. 
Index Area 10 

Location: 6} miles west of Hopeville, Conc. XVI, lot 12, Egremont Twp. 
A dense stand of Carduus, mostly C. acanthoides, few hybrids, and no C. 
nutans, was seen in a gravel pit at this location. Fifteen plants were indexed; 
six were hybrids with indices from 1 to 4 (av. 3.3) and nine plants had the 
hybrid index of C. acanthoides (0). The proportion of hybrids in the sample 
indexed is much larger than the proportion of hybrids in the population. 


Index Area 11 

Location: 5 miles west of Durham, Conc. IN, lot 21, Bentinck Twp. This 
large rolling pasture, and other pastures on the adjacent hills and valleys, were 
covered with dense stands of acanthoides-type hybrid segregates and relatively 
few plants of apparently typical C. acanthoides. There was a small patch of 
hybrids resembling C. nutans-type by the road. The owner stated that it was 
only recently that these thistles have reached such great abundance in his 
fields. Of 31 plants indexed, 19 were hybrids with indices from 1 to 4 (av. 2.1), 
6 were hybrids with indices from 7 to 15 (av. 10.8), and 6 plants had an index 
of 0. The six plants with indices ranging from 7 to 15 were growing in the small 
patch of nutans-type hybrids by the road. 
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Index Area 12 

Location: 2.5 miles west of Durham, Conc. IN, lot 31, Bentinck Twp. 
This field was one of the best pastures seen in the hybrid area and the 20 plants 
indexed represented almost the entire Carduus population. Seven plants were 
hybrid with indices ranging from 1 to 4 (av. 2.3), two were hybrids with 
indices of 11 and 17, and the remaining 11 plants were typical C. nutans. 


Index Area 13 

Location: 1 mile west of Durham, Conc. IS, lot 37, Bentinck Twp. Plants 
growing around an old house foundation were mostly C. nutans but there 
were also some hybrids with indices close to C. acanthoides. Twenty plants 
were indexed; six were hybrids, indices from 2 to 4 (av. 3.3), and 14 were 
typical C. mutans with an index of 19. 


Index Area 14 
Location: 3 miles east of Durham, Conc. IN, lot 5, Glenelg Twp. All Carduus 
plants in this pasture were C. nutans with an index of 19. 


Index Area 15 

Location: 44 miles east of Durham, Conc. IN, lot 11, Glenelg Twp. Carduus 
plants in this pasture were mostly hybrid with a complete range of index 
scores from 1 to 17; a few plants of C. acanthoides and C. nutans also occurred. 
Of 15 plants indexed, 8 were hybrid, indices 1-9 (av. 6.0), 4 had indices from 
10 to 17 (av. 13.0), 2 had an index 0, and 1 had an index of 19. 


Index Area 16 

Location: 53 miles east of Durham, Conc. IS, lot 22, Glenelg Twp. Plants 
were growing in a level pasture and parts of an adjacent grainfield. The grain 
had been drilled into a pasture and Carduus was growing where the stand of 
grain was very sparse and in a strip that lacked grain. Mostly C. nutans, no 
C. acanthoides, and some hybrids tending towards C. acanthoides occurred in 
these fields. Twenty-four plants were indexed; nine were hybrids, indices 2—9 
(av. 4.1), and the remaining plants were C. nutans with a hybrid index of 19. 


Index Area 17 

Location: 6.8 miles east of Durham, Conc. IS, lot 32, Glenelg Twp. The 
Carduus plants growing in gravelly waste land at this location were mostly 
C. nutans, with a small patch of nutans-type segregates towards the back of 
the field. Of 20 plants indexed, 1 hybrid had an index of 6, 5 plants had indices 
from 10 to 18 (av. 14.2), and 14 plants were C. nutans with a hybrid index of 19. 


Index Area 18 

Location: 44 miles southwest of Flesherton, Conc. IN, lot 9, Artemesia Twp. 
About 50 plants were scattered, on top of a slight hill, in a pasture. Most of 
these plants were C. nutans, a few plants were hybrids tending towards 
C. nutans and no plants appeared to be typical C. acanthoides. Fifteen plants 
were indexed; 1 was hybrid with an index of 10 and the remaining 14 plants 
were C. nutans with an index of 19. 


Index Area 19 
Location: 3} miles southwest of Flesherton, Conc. IIN, lot 19, Artemesia 
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Twp. Two ridges in this pasture were densely covered with Carduus plants 
which were less abundant on the surrounding low land. Almost all the plants 
were acanthoides-type hybrid segregates. Few C. acanthoides and no C. nutans 
were seen at this location. Twenty plants were indexed; 16 were hybrid with 
indices from 1 to 5 (av. 2.8), 1 hybrid had an index of 11, and 3 plants had the 
hybrid index of C. acanthoides (0). 


Index Area 20 

Location: 2 miles southwest of Flesherton, Conc. IIIN, lot 28, Artemesia 
Twp. Most of the plants in this low-lying pasture were acanthoides-type hybrids. 
A few plants about 100 yards from the main stand of Carduus were nutans-type 
hybrids. Twenty-four plants were indexed; 21 had indices from 1 to 6 (av. 3.9) 
and 3 plants had indices from 11 to 18 (av. 15.7). 


Index Area 21 

Location: 1 mile southwest of Flesherton, Conc. IIW, lot 151, Artemesia 
Twp. A large stand of Carduus occurred in a very hilly pasture about 300 
yards long. Plants were most abundant on the higher areas and were generally 
thinly scattered elsewhere. Most of the plants seen were acanthoides-type 
hybrids with relatively few C. acanthoides and no C. nutans. Of 35 plants 
indexed, 30 were hybrids with indices from 1 to 6 (av. 2.7) and 5 plants had 
an index of 0. 


Index Area 22 

Location: 0.4 mile northeast of Flesherton, Conc. II, lot 150, Artemesia 
Twp. A large stand of Carduus in a gravel pit consisted chiefly of plants with 
low indices and a few typical acanthoides. No plants of C. nutans were seen 
at this location. Twenty-five plants were indexed; 19 were hybrids, indices 
1—9 (av. 3.6), and 6 had the index of C. acanthoides (0). 


Index Area 23 

Location: } mile northeast of Flesherton, Conc. VII, lot 24, Artemesia Twp. 
A very large stand of Carduus was present in this pasture; these were mostly 
hybrids that had segregated toward C. acanthoides. Both parents were also 
present in this pasture. Of 25 plants indexed, 15 were hybrids with indices 
from 1 to 9 (av. 4.5), 3 plants were hybrids with indices from 11 to 17 (av. 
14.0), 3 plants had the hybrid index of C. acanthoides (0), and 4 plants had an 
index of 19. 


Index Area 24 
Location: ~ mile east of Rockmills, Conc. VI, lot 23, Artemesia Twp. All 
the plants examined in this old rocky pasture were typical C. nutans, which 


has probably been long established here. 


Index Area 25 

Location: 3.2 miles west of Maxwell, just before the bridge, Conc. VII, 
lot 37, Artemesia Twp. A large stand of Carduus in a gravel pit consisted 
chiefly of hybrids with a low index score. Both parents were also present 
at this location. Thirty-five plants were indexed; 22 were hybrids, indices 
1-9 (av. 4.3), 4 hybrids had indices from 10 to 18 (av. 14.0), 3 plants had 
the index of C. acanthoides (0), and 3 plants had an index of 19. 
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Index Area 26 

Location: 2 miles west of Maxwell, Conc. VI, lot 2, Osprey Twp. About 
95% of the Carduus in this pasture was C. nutans; the remainder was made up 
about equally of C. acanthoides and hybrids approaching this species. A large 
well-established patch of C. nutans occurred in one part of the pasture with a 
small patch of C. acanthoides a short distance away. A few acanthoides-type 
hybrids were found growing between these two patches. Of 15 plants indexed, 
2 were hybrids, indices of 2 and 3, 2 plants had the hybrid index of C. acan- 
thoides (0), and 11 plants had the index of C. nutans (19). 


Index Area 27 
Location: 2} miles east of Maxwell, Conc. VII, lot 23, Osprey Twp. All 
plants in this pasture were typical C. nutans. 


Index Area 28 
Location: 1.8 miles southeast of Holland Centre, Conc. IE, lot 41, Holland 
Twp. All plants in this stony pasture were typical C. nutans. 


Index Area 29 
Location: 74 miles southeast of Holland Centre, Conc. IW, lot 49, Holland 
Twp. Carduus was very common in this pasture and all plants were C. nutans. 


Index Area 30 

Location: 1 mile southeast of Markdale, Conc. IE, lot 118, Artemesia Twp. 
There was a large stand of Carduus nutans in this pasture. A small patch of 
C. acanthoides and acanthoides-type segregates occurred towards the back 
of the pasture and between this patch and the road were many hybrids 
ranging from near-acanthoides to near-nutans. In the two pasture fields beyond 
this hybrid field were very large stands of C. mutans. Thirty plants in the 
pasture with hybrids were indexed; 9 were hybrids with indices from 2 to 
8 (av. 3.7), 11 hybrids had indices from 13 to 18 (av. 15.3), 1 plant had 
the hybrid index of C. acanthoides, and 9 plants had the hybrid index of 
C. nutans. The proportion of C. mutans plants in this pasture was much 
larger than is indicated by the proportion among those indexed. 


Index Area 31 

Location: 2 miles southeast of Markdale, Conc. IW, lot 116, Artemesia 
Twp. A small patch of C. nutans occurred in a low area of this rolling pasture 
near the road. Next from the road were plants of C. acanthoides and acanthoides- 
type hybrids, then hybrids tending towards C. nutans, and, at the back of the 
pasture, were typical C. nutans. In the pasture beyond, farther from the road, 
and in the adjacent field to the west were large stands of typical C. nutans. 
Of 31 plants in the hybrid field indexed, 12 plants had indices from 1 to 9 
(av. 5.2), 12 plants had indices from 10 to 17 (av. 12.2), 1 plant had an index 
of 0, and 16 plants had an index of 19. 


Index Area 32 

Location: 3 miles northwest of Flesherton, Conc. IE, lot 125, Artemesia 
Twp. A small number of plants occurred in a triangular patch at the back of 
a flat pasture. Most of these plants were hybrids; a few plants were C. acan- 
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thoides and C. nutans. Seventeen plants were indexed; eight were hybrids 
with indices from 3 to 9 (av. 5.6), seven were hybrids with indices from 11 to 
18 (av. 14.0), one plant had the index of C. acanthoides, and one plant had the 
index of C. nutans. 


Index Area 33 

Location: 2 miles northwest of Flesherton, Conc. IE, lot 135, Artemesia 
Twp. Carduus plants were growing in a pasture with strong competition. 
Most of the Carduus plants were C. nutans, some were hybrids tending towards 
C. nutans, but none were typical C. acanthoides. Fifteen plants were indexed; 
one plant had an index of 9, seven plants had indices from 12 to 17 (av. 14.9), 
and seven plants had an index of 19. 


Index Area 34 

Location: } mile northwest of Flesherton, Conc. IW, lot 144, Artemesia Twp. 
A small stand of Carduus was growing in a sand—gravel pit. Most of the plants 
were acanthoides-type hybrid segregates; a few plants were typical C. acan- 
thoides. Of 16 plants indexed, 15 had indices from 1 to 6 (av. 2.9), and 1 plant 
had an index of 0. 


Index Area 35 

Location: 14 miles southeast of Flesherton, Conc. IW, lot 159, Artemesia 
Twp. This rocky pasture rises to a low ridge at the end away from the road. 
All of the plants had low indices. Of 18 plants indexed, 16 had indices from 
1 to 5 (av. 2.7), and 2 plants had an index of 0. 


Index Arca 36 

Location: 2} miles southeast of Flesherton, Conc. IW, lot 170, Artemesia 
Twp. Plants in this pasture were mostly hybrids phenotypically close to C. 
acanthoides. A small amount of C. acanthoides but no C. nutans was present 
in this field. Eighteen plants were indexed; 17 had indices from 1 to 7 (av. 3.8), 
and 1 plant had the hybrid index of C. acanthoides (0). 


Discussion 


It remains to attempt a synthesis of the foregoing data:.to consider what 
areas were populated by each of the species prior to the initiation of hybrid- 
ization; to determine at what points hybridization first occurred; whether 
hybridization is recurring commonly or whether only hybrids are now spread- 
ing, and whether there is any indication of the relative biological success of 
parental species and hybrids. 

The observations recorded in Fig. 1 and specimens in the herbarium of the 
Department of Agriculture, Ottawa, show that pure stands of typical C. nutans 
are to be found in the southern portion of Grey County and in the counties 
immediately to the south. In Grey County, pure stands of C. acanthoides 
occur mainly north of Chatsworth. A few small stands were noted at a point 
about 9 miles south of Chatsworth. The species is very abundant in the area 
north and northwest of Owen Sound. 

The area now occupied by hybrids lies within that portion of Grey County 
roughly south of a line drawn halfway between Chatsworth and Flesherton, 
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an area where pure stands of C. nutans are common but where no pure stands of 
C. acanthoides are known to occur. It is therefore concluded that C. nutans 
was first established in this hybrid area and that C. acanthoides entered at 
a later date and hybridization began. Examples of the manner in which this 
occurred can be seen in index areas 30 and 31. These pastures contained 
hybrids along the roadside but farther in from the road were occupied by 
pure stands of C. nutans, obviously long established. It was apparent that 
C. acanthoides had invaded these pastures from the road. 

The white-flowered form of C. acanthoides (f. albiflorus (L.) Gross) is 
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known to occur in Canada only northwest of Owen Sound. The white-flowered 
form of C. nutans has not been reported in Canada. White-flowered plants of 
C. acanthoides and of hybrids closely approaching this species were observed 
at index areas 19, 20, 21, 22, 30, and 36, all of which lie within a 5-mi radius 
of Flesherton. It seems, therefore, highly probable that the Flesherton area 
was invaded by a stock of C. acanthoides containing both white and purple- 
flowered plants from the infestation near Owen Sound. The absence of the 
white-flower character in fields west of Priceville indicates that the stock of 
C. acanthoides in this area was the result of a separate introduction of purely 
purple-flowered plants, probably also from the vicinity of Owen Sound. 
The spread of the white-flower gene will be a matter of interest for future 
study. 

The great abundance of hybrid fields surrounding Flesherton suggests 
that this area is the focal point of hybridization and it is believed that C. 
acanthoides was first introduced here. Spread of the invader and hybrids has 
probably been facilitated by the use of gravel from pits for local road improve- 
ment and the gravel pit at index area 22 may have been an early source 
for distribution of seed. The abundance of hybrids of low index in the Flesh- 
erton area suggests that segregation has here been in progress for a consider- 
able time. Probably C. acanthoides was then introduced into other gravel pits 
at areas 25 and 34 and from the pit at area 10 has spread in the area west of 
Priceville. 

Both parental species and hybrids of intermediate type were found at 
areas 6, 9, 15, 26, 30, 31, and 32 and there seems little doubt that these are 
sites of recent primary hybridization. At area 11 a large recent invasion of 
acanthoides-type hybrid segregates has come into contact with a small stand 
of C. nutans and hybridization is beginning again in a yet restricted area. 

At Index Areas 17, 18, and 33 were large stands of C. nutans with a relatively 
few hybrid plants, most of which approached nutans in appearance. These 
three fields, the only ones seen where most of the hybrids were morphologically 
close to C. nutans, were probably sites where extensive stands of C. nutans 
had been invaded by a small amount of C. acanthoides or by hybrids. The 
resulting or later generation hybrids segregated toward the species nutans 
by repeated backcrossing to this numerically superior species. 

The development of the Carduus populations in the remaining areas is more 
difficult to interpret and in some cases more than one explanation is possible. 
The nature of these index areas may be summarized as follows: 

Large populations of acanthoides-type hybrids and relatively few plants 
of both parental species—23, 25. 

Populations of hybrids with C. acanthoides only—7, 10, 19, 20, 21, 22, 
34, 35, 36. 

Populations of hybrids with C. nutans only—12, 13, 16. 

Populations of hybrids only—8. 

The surveys of the Priceville field have shown that a population containing 
both parental species and hybrids may, in the course of 5 years, be replaced 
by a wholly hybrid population, the majority of plants of which approach 
the species acanthoides in morphology. A similar transformation has probably 
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taken place in some of the above fields, resulting in the disappearance of one 
or both parental species. There is also the possibility, however, that, in some 
cases, hybrids did not arise in the fields where they are now found. Pastures 
occupied by hybrids and one parental species may earlier have been occupied 
by the species and has since been invaded either by hybrids or by small stock 
of the other species which failed to persist in the face of numerical superiority. 
Since the hybrid zone lies in mutans territory—where old, pure stands of 
acanthoides are unknown—this generalization will apply only to fields of 
nutans and hybrids. It is concluded that fields containing a large stand of 
C. nutans and a relatively few hybrids of low index score (areas 12, 13, 16) 
are fields of mutans which have recently been invaded by acanthoides-type 
hybrids. 

Dense populations of hybrids closely approaching C. acanthoides in appear- 
ance were repeatedly observed. These plants differed from typical acanthoides 
by one or more of the following characters: peduncles not spiny winged to the 
head; phyllaries slightly reflexed; purplish marking on the tip of the outer 
phyllaries absent. These hybrid segregates scored in the range 1 to 5. The 
white-flower character, when present, was always associated with these 
phenotypes. Such plants constituted almost the entire population of fields 
7, 8, 9, 11, 19, 20, 21, 22, 34, 35, and 36. In all except area 8, a few plants 
of apparently pure acanthoides occurred among the hybrids of low score. 
Whether these typical plants were remnants of the invaders that initiated 
hybridization, or were ultimate products of segregation toward the acan- 
thoides phenotype cannot be decided. If the latter is the case, it is possible that 
such apparently typical acanthoides plants may still carry some nutans genes, 
if not as whole chromosomes then as segments derived through crossing over, 
and may be physiologically different from the original acanthoides. 

From the numerical supremacy of such hybrids of low index score, both in the 
number of individuals per field and in the frequency of fields occupied by 
such plants, it is concluded that segregation toward the acanthoides genotype 
is favored by selective factors. There is every indication that such hybrids are 
better adapted to southern Grey County than is C. nutans and will supplant 
this species. It is probable that the chief spread of the hybrid will be effected 
by these acanthoides-type segregates. 
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DORMANCY STUDIES IN SEED OF AVENA FATUA 
2. A GIBBERELLIN-SENSITIVE INHIBITORY MECHANISM IN THE EMBRYO! 


J. M. NAYLor AnD G. M. Simpson 


Abstract 


Natural inhibition of germination in A. fatua L. involves restriction of both 
sugar accumulation and utilization of sugar in growth. Both these metabolic 
blocks are independently overcome by exogenous gibberellic acid (GA). Evidence 
has been found for the presence of a natural gibberellin in seeds of A. fatua L. 
The control of dormancy is probably by a gibberellin-inhibitor antagonism since 
at least one inhibitor has been shown to intervene specifically in sugar produc- 
tion and this latter effect can be reversed by GA. The evidence presented here 
supports the view that control of germination during the period of after-ripening 
is through changes in inhibitor content rather than in endogenous gibberellin. 


Introduction 


The experiments reported here concern the factors influencing germination 
of dormant embryos of wild oats (Avena fatua L.). Previous investigations 
have shown that seed dormancy in this species, as in others such as Xanthium, 
can be broken by holding imbibed seeds in an oxygen-rich atmosphere (9). 
Evidence that, as in Xanthium (10), oxygen is necessary for the destruction 
of a germination inhibitor has been presented by Black (2). More recently 
(3) it has been found that the onset of dormancy during seed maturation can 
be prevented by allowing maturing inflorescences to take up gibberellic acid 
(GA). These findings suggest that the prevention of dormancy by this com- 
pound reflects antagonism between an endogenous GA-like substance and an 
inhibitor. Such an interpretation of the action of GA in other growth phen- 
omena has been suggested previously (4). Supporting evidence has been pro- 
vided by Simpson (8). 

The following experiments were conducted to provide information on the 
nature of the GA effect in germination, and in particular to investigate the 
possibility that germinating capacity is controlled by a gibberellin-inhibitor 
system. 


Methods 


Embryos from a uniform inbred line of A. fatwa L. were used in these 
experiments. The following procedure was used in preparing material for 
germination tests. Seeds were allowed to imbibe water for about 15 minutes. 
The embryos, with a thin layer of adhering endosperm, were excised with a 
sharp scalpel under a dissecting microscope. Air-dry embryos were trans- 
ferred in lots of 50 to pieces of Whatman No. 1 chromatography paper (1} 
X } in.) in small Petri dishes. Papers were wetted with 0.33 ml of the treat- 
ment solutions. Each treatment consisted of two such replicates, except in 
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some experiments where three replicates of 33 embryos per treatment were 
used. In the latter, paper size and volume of solutions were adjusted propor- 
tionately. In experiments where the period of incubation was expected to 
extend over 5 or more days, the medium was supplemented with the anti- 
biotics candidin and neomycin, in concentrations of 250 and 20 p.p.m. respec- 
tively. In all experiments, embryos were incubated in a humid atmosphere 
at 20°C in darkness. 

Seed extracts used in assays for endogenous gibberellins were prepared as 
follows. Two replications, each of 1300 seeds, were macerated for 30 minutes 
in 200 ml of 70% ethanol at 1-4° C. After filtration, the solid residue was 
stirred with a further 200 ml aliquot of ethanol for 2 hours at 1-4° C. After 
combining the filtrates, ethanol was removed under reduced pressure (max. 
temperature, 32° C) and the water residue acidified to pH 3.0 with N HCl. 
The acidified extract was shaken three times with 130-ml aliquots of ethyl 
acetate. The ethyl acetate was in turn shaken with four 100-ml aliquots of 
KH,PO,-KOH buffer (pH 6.2). Following acidification to pH 3.2 with HCl, 
the buffer was extracted three times with 100-ml aliquots of ethyl acetate. 
Water was removed from the final ethyl acetate fraction by chilling to —15° C 
and filtering. This final fraction, which contained acidic substances, was 
reduced to small volume (1 ml) for chromatography. 

Determination of sucrose in plant tissue was as follows. Water extracts 
containing sugars were prepared by refluxing 70% ethanol over the tissue for 
1 hour at 80° C, followed by removal of the alcohol under reduced pressure. 
Quantitative estimations of sucrose were then made by the method of Edel- 
man et al. (5). Quantitative estimations of the dye obtained with the resorcinol 
reagent were made with a Bausch and Lomb colorimeter against standard 
solutions. 

Gibberellic acid, melting point 232—233.5° C, was supplied by Imperial 
Chemical Industries Ltd. 


Results 


Preliminary experiments indicated that newly matured caryopses were 
not induced to germinate by breaking the seed coats prior to imbibition in 
air. However, when the seed coats were broken, germination did occur in 
pure oxygen. This result indicated that the control of dormancy was not 
dependent entirely on the restriction of gas exchange by the seed coats, as 
previously supposed (1), but that these embryos may have a peculiarly high 
requirement for oxygen during germination. 

Evidence that seed dormancy is, in fact, a function of the physiological 
state of the embryo was found in the following experiment. Embryos excised 
from seeds which had been held in dry storage for various periods up to 3 
years were germinated on moist filter paper. As shown in Fig. 1, both the 
rate of germination as well as the final proportion of germinable embryos 
increased with period of storage. This indicated clearly that true embryo 
dormancy exists in the species, and that embryos gradually recover the 
capacity to germinate in air, over a period of at least 2 years. This increase 
in capacity for germination during storage suggested that some essential 
metabolic process is suppressed in the dormant embryo. Moreover, the onset 
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Fic. 1. Influence of age, after maturity, on rate of germination of excised embryos. 


of this inhibition can be prevented by the administration of GA (3) during 
seed maturation. The basis of this GA effect is not clear, though recent find- 
ings by Paleg (7) have shown that GA induces the production of sugar from 
endosperm starch in barley seeds. Accordingly, it was of interest to determine 
whether the availability of sugar is the limiting factor in germination of dor- 
mant embryos, and whether the stimulation of germination by GA could be 
attributed primarily to the release of sugar from endosperm starch. 

The results presented in Figs. 2 and 3 indicate the change in response to GA 
during after-ripening. Embryos used in these experiments were taken from 
seeds of the inbred line stored for 1 month (Fig. 2), and 24 months (Fig. 3). 
In the former, rate of germination induced increased with increase of concen- 
tration of GA over the range (0.02-50) p.p.m. In the latter, germination occur- 
red much more promptly and in response to a lower range of concentration 
(0.001-0.1) p.p.m. These results indicate that the administration of GA at 
concentrations of 0.1 p.p.m. or higher is sufficient to induce germination of 
even newly matured embryos. Moreover, although “‘old’’ embryos germinated 
without GA, the rate was increased by relatively small amounts of this 
substance. 

Response to exogenous sucrose was investigated in a set of experiments 
similar to those described above. Embryos were excised from seeds stored 
for periods of 5 and 18 months and supplied with sucrose in concentrations 
of 2, 5, and 10% (Fig. 4). The results are particularly interesting, since 
exogenous sucrose had strong promotive effect on germination in the seeds 
stored for a short period, but slightly delayed germination in those stored 
for 24 months. This suggested that in newly matured dormant embryos 
insufficient endogenous sugar was available for germination and that this 
limitation is overcome during after-ripening. The lack of response to exo- 
genous sucrose on the part of ‘‘old’’ embryos might reflect an accumulation 
of sugar in endosperm or embryo during after-ripening, or a greater capacity 
to form sugar after imbibition. In any case, the requirement of dormant 
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embryos for exogenous sucrose in germination can be replaced by GA. This 
provides the corollary to Paleg’s finding (7) that GA induces the conversion 
of starch to sugars in endosperm. 

The preceding experiments indicate also that the effect of GA in promoting 
germination cannot be attributed entirely to an effect on the production or 
translocation of sugars. Comparison of Figs. 3 and 4 show that “old” embryos 
which germinated when supplied only with water, nevertheless responded to 
small doses of GA, but not to sucrose. The extent to which sucrose can sub- 
stitute for GA in relieving dormancy was tested in the same experiment in 
treatments involving sucrose alone, and in combination with GA. Although 
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Fic. 2. Influence of GA on rate of germination of embryos from seeds stored for 1 
month after maturity. 
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Fic. 3. Influence of GA on rate of germination of embryos from seeds stored for 2 years 
after maturity. 
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the optimal concentration of sucrose was not determined, it can be assumed 
to be less than 10% (Fig. 4), since the onset of germination with the 5% 
treatment was somewhat earlier. (Times required for 50% germination: 5% 
sucrose 58.0 hours; 10% sucrose 63.5 hours). Nevertheless, there was a marked 
response to GA in combination with 10% sucrose (Fig. 5). Since this effect 
could not have resulted from the formation of additional sucrose, GA must 
have a second promotive effect not related to sugar production. In comparing 
the germination curves for these treatments it was noted that the effects 
of GA and sucrose on rate of germination were nearly additive (Table 1). 
Mean germination times for the treatments were calculated when 100% of 
the treatment embryos had germinated and the untreated control embryos 
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Fic. 4. Influence of age after maturity on response to exogenous sucrose. 
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TABLE I 


Additive effect of GA and endogenous sucrose (S) in decreasing the mean germination 
time of excised embryos of A. fatua L. 











Treatment Toa Ts Tsca 1/Tca + 1/Ts 1/Tsea 
GA (0.5 p.p.m.) 49.09 
*(0.36) 
Sucrose (10%) 63.55 
(1.49) 
Combination 30.67 0.0361 0.0326 
(0.69) 
GA (1 p.p.m.) 44.09 
(1.38) 
Sucrose (10%) 63.55 
(1.49) 
Combination ri : 3) 0.0384 0.0334 
GA (10 p.p.m.) 39.44 
(2.46) 
Sucrose (10%) 63.55 
(1.49) 
Combination 28.15 0.0411 0.0355 
(0.25) 





T = Mean germination time in hours, per embryo. 
/T = rate of germination. 
= Standard error of mean. 


1 

* 
remained ungerminated. Since the embryos used in this experiment had 
matured 5 months prior to the experiment and therefore might have undergone 
some changes in state of dormancy during storage, it was not known whether 
the observed relationship represented only a transitory stage in after-ripening, 
or whether GA and sucrose exhibit additive effects also in embryos at the 
time of maturity. Accordingly the influence of age of seed on interaction of 
sucrose and GA was examined further. It was of particular interest to deter- 
mine whether there is GA-sucrose synergism in germination of newly ripened 
embryos. Thus it was desirable to administer the maximum concentration 
of GA, which, in the absence of exogenous sucrose, would have little or no 
stimulating effect on germination. A preliminary experiment indicated this 
concentration to be approximately 0.1 p.p.m. 

Embryos were excised from seeds which had been stored following matura- 
tion for 1 week, 7 months, and 24 months. These were incubated on papers 
wetted with (a) 5% sucrose, (6) 0.1 p.p.m. GA, (c) a combination of sucrose 
and GA in the above concentrations. Solutions were made up in the usual 
mixture of antibiotics. All treatments involved three replicates of 33 embryos 
each. Embryos in each replicate were placed on three layers of paper (1 X 
% in.), and supplied with 0.48 ml of solution. The results plotted in Fig. 6, 
representing newly matured embryos, indicated only a slight response to 
either GA or sucrose, though germination in the combination treatment was 
complete in 96 hours. 

Embryos which had matured 7 months prior to the experiment responded 
to either GA or sucrose (Fig. 7). However, the effects were less than additive 
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EMBRYOS STORED ONE WEEK 
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Fic. 6. Influence of exogenous sucrose and GA on rate of germination of embryos 
from seeds stored for 1 week after maturity. 
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Fic. 7. Influence of age after maturity on response of excised embryos to sucrose and 
A. 


since GA alone was nearly as effective as the combination treatment. In 2- 
year-old embryos all treatments had relatively slight effect on germination 
rate. 

Failure of the 5% sucrose or 0.1 p.p.m. GA treatments to stimulate ger- 
mination of embryos previously stored 1 week suggested that either the supply 
of sucrose was exhausted or that the embryos were unable to utilize sugar for 
growth. To clarify this the following experiment was carried out. 
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Newly matured embryos were incubated on 5% sucrose alone, and in com- 
bination with 0.1 p.p.m. of GA as described above. After 96 hours when 
germination in the latter treatment was complete, embryos were removed, and 
the residual sucrose in the papers and embryos was measured using the method 
of Edelman ef al. (5). The initial sucrose content of the embryos was also 
determined. 

It was found (Table II) that, when sucrose alone was supplied, more than 
half of the initial endogenous plus exogenous sucrose supply was present in 
the embryos and paper after 96 hours. Moreover, the amount of sucrose 
finally contained in the embryos was not significantly less than in those 
embryos which underwent germination in the combination treatment. Evi- 
dently failure of germination in the former case was not caused by an inade- 
quate supply of sucrose, but, rather, by the inability of dormant embryos 
either to metabolize this sugar at a sufficient rate to support germination, 
or to utilize energy from this source specifically in growth. The fact that this 
limitation can be overcome by small amounts of GA (Fig. 6) accounts for 
the observed sucrose—GA synergism. 

It is interesting that the net depletion of sucrose in the combination treat- 
ment was slightly less than 20% whereas in the sucrose treatment it was almost 
50%. This may reflect a sugar-sparing effect of GA, or a GA-enhanced rate of 
conversion of starch to sucrose. 

Another feature of the interaction of GA and sucrose is demonstrated in 
Fig. 8. With newly ripened embryos the dose-response curve for GA alone 
shows a maximum at approximately 100 p.p.m. Where 5% sucrose was sup- 
plied, germination occurred in response to a lower range of concentrations, 
with a maximum of 0.1 p.p.m. It is of interest that the maximum effective 
dose of GA in 18-month-old embryos was also close to the above, with or 
without exogenous sucrose. This establishes the participation of GA in at 
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Fic. 8. Influence of exogenous sucrose and age after maturity on dose response to 
GA. Largest standard error of points shown = + 2.2. 
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least two processes in germination, those of sugar production and sugar utili- 
zation in growth. Since the maxima differ by a factor of about 1000 in GA 
concentration, it is apparent that, of the two, the process involving sugar 
production has a relatively much greater requirement for GA. It is not known 
whether rate of germination of A. fatua embryos becomes entirely independent 
of exogenous GA during a longer period of after-ripening. In any case, embryos 
of the domestic variety Torch (A. nuda L.) showed little or no response to 
GA after 3 years, though recently matured embryos exhibited a strong dose 
response (Fig. 9). 

Evidence that endogenous germination inhibitors are important factors in 
seed dormancy in this species has been presented elsewhere by Black (2). 
Because a natural gibberellin occurs in many seeds, including those of A. 
fatua (see below), it was considered that such a substance might promote 
germination by reversing the effects of an inhibitory substance. Since these 
inhibitors have not been identified or isolated in quantity, this possibility 
could not be tested directly. However, if leaching dormant embryos in water 
improved their capacity to germinate, this would constitute evidence of the 
removal of an inhibitory water soluble substance. Moreover, enhancement 
of response to GA by such treatment would suggest antagonism between the 
inhibitor and GA. 

The effects of leaching were tested as follows. Two hundred newly ripened 
embryos were placed on filter paper in a Buchner funnel. Distilled water was 
allowed to drip through the paper at the rate of 6 ml per hour. An equal number 
of embryos were held fully imbibed (in lots of 100) on two small papers (14 
X } in.), each moistened. with 0.4 ml of water. These conditions were main- 
tained for 5 days at 20° C in darkness. Embryos of each treatment were then 
transferred, in groups of 50, to standard germination papers, wetted with 
0.23 ml of solution containing 5% sucrose alone or in combination with 0.005 
p.p.m. of GA. 
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Fic. 9. Influence of age after maturity on response of Torch embryos to exogenous 
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The results (Table III) indicated that the response to both GA or sucrose 
was increased by leaching. This experiment suggested that the removal of an 
inhibitory substance from dormant embryos by this treatment had an effect 
similar to that of after-ripening. 

It was found in a previous experiment that one of the changes occurring dur- 
ing normal after-ripening was an increase in capacity of a given dose of GA to 
satisfy the sugar requirement of the embryos in germination. For example, 
0.1 p.p.m. of GA did not induce germination of newly ripened embryos, 
though it was effective in the presence of adequate sucrose (Fig. 6). On the 
other hand, this dose of GA was nearly as effective as the combination treat- 
ment in partially after-ripened embryos (Fig. 7). The following experiment 
was set up to test whether a similar increase in capacity of GA to substitute 
for exogenous sucrose could be induced by leaching. 


TABLE III 
Effect of leaching on germination of dormant excised embryos 








Germination (%) after 44 hours 








5% sucrose, 
Pretreatment Replicate* 5% sucrose 0.005 p.p.m. GA 
Leached in large volume 1 50 92 
2 52 86 
Imbibed 1 19 23 
2 15 18 





*Each replicate consisted of 50 embryos. 


Four hundred newly ripened embryos were placed on a circular piece of 
filter paper of 15-cm diameter, supported by a glass disk of the same size. 
Distilled water was allowed to drip onto the paper at the rate of 25 ml/hour, 
for 48 hours. An equal number of embryos were held fully imbibed but with 
only slight excess of water, for the same period. On transfer the following 
treatments were given—0.1 p.p.m. GA, 0.1 p.p.m. GA with 5% sucrose, 
control (with neither compound). All solutions contained the antibiotics in 
the usual concentrations. Each treatment consisted of three replicates of 33 
embryos on two thicknesses of paper, each 1 X { in., wetted with 0.35 ml of 
solution. The results are presented in Fig. 10. No germination occurred in 
the control treatment of either group during 96 hours. Leaching did not in- 
crease greatly the rate of germination in the combination treatment; however, 
it increased substantially the rate of germination in the presence of GA alone. 
That is, the capacity of a given quantity of GA to substitute for sucrose was 
increased by the leaching treatment. As indicated above, this effect is similar 
to that of normal after-ripening. 

The sensitivity of dormant embryos to exogenous GA, and the evidence 
that this compound influences germination by antagonizing the effects of 
endogenous inhibitory substances suggests that a natural gibberellin may 
have a promotive role in germination. 

The presence of germination-promoting substances on two-dimensional 
paper chromatograms of tissue extracts should be revealed by the germination 
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Fic. 10, Effect of leaching on response of excised embryos to GA and sucrose. 


response of dormant embryos. If natural gibberellins occur in wild oats, 
positive responses to tissue extracts of caryopses would occur at R,’s corres- 
ponding to those of authentic GA. This was confirmed in the following 


experiment. 


Extracts of two lots of 1300 2-year-old caryopses were prepared as outlined 
previously. Each extract was transferred to one corner of a square Whatman 
No. 1 chromatography paper and developed for 25 cm in solvent system A 
(isopropanol/ammonia (0.880)/water 10:1:1) where GA was located at Ry, 
0.62. After drying, the chromatogram was further developed for 18.5 cm in 
solvent B (isoamyl alcohol /ammonia (0.880) / water 110:30:62) at right 
angles to the first solvent front. Four adjoining segments of the chromato- 
grams, each } X 1} in., were taken for bioassay, viz.: 

(1) the correct position corresponding to authentic GA for both develop- 


ments; 


(2) correct position for GA in second development, but at a lower R; value 
for the first development (1 and 2 were expected to contain all the GA 
in the extract) ; 

(3) correct position for GA in first development but a higher Ry value for 


the second; 


(4) lower Ry value in first development and higher than GA in second 
(3 and 4 constituted controls for the chromatogram and would not be ex- 


pected to contain any GA). 


Fifty A. fatua embryos were placed on each of the above papers. Each paper 


was wetted with 0.23 ml of 5% sucrose and antibiotic. Germination percent- 
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ages were recorded at 48 hours (Table IV). Segment No. 2 in each chromato- 
gram shows a highly significant germination response of a similar magnitude 
to that induced by 10~* p.p.m. in the control segments. A positive response 
in segment No. 2 is indicative of endogenous GA because exogenous GA 
chromatographed in the presence of natural extracts would be expected to 
show slightly lower Ry value in the first development due to the presence of 
impurities, and correct values in the second development. These results indi- 
cate that a substance with similar R,’s to GA in two solvent systems can be 
obtained from the caryopses of A. fatua. 


TABLE IV 


Assay for gibberellin-like substances in extracts of 2-year-old caryopses 








Germination (%) 


replications* 








A B 
Chromatogram segment 
1 46 46 
2 84 86 
3 50 54 
4 56 48 
Non-chromatographed paper controls 
5% sucrose 40 42 
0.01 p.p.m. GA + 5% sucrose 92 — 





*Each replicate consisted of 50 embryos. 


Discussion 


Earlier interpretation of the control of seed dormancy in A. fatwa assigned 
particular significance to the restriction of gas exchange by the seed coats 
(1, 6). This was justified chiefly by the fact that germination could be induced 
by rupturing the seed coats or by holding intact, imbibed seeds in an oxygen- 
enriched atmosphere. The essential change occurring in after-ripening, by 
which the seed gains the capacity to germinate in air, was thought to be an 
increase in seed coat permeability. The possibility that the oxygen-require- 
ment of the embryo might decrease with time was not investigated, though 
subsequently this change was found to be the basis of after-ripening of 
Xanthium seeds. The present results show that physiological changes in the 
embryo account primarily for the loss of dormancy also in A. fatua. 

From the data presented in this paper it is clear that newly matured em- 
bryos cannot mobilize sugar from endosperm reserves at a rate sufficient to 
support germination. This is undoubtedly an important factor in their dor- 
mancy. The response to exogenous sugar disappears during after-ripening 
(Fig. 4). This may reflect either the slow accumulation of sugars in the embryo 
and adjacent endosperm or an increased capacity to form sugar after imbibi- 
tion. With regard to the former alternative, experimental evidence (Table II), 
indicates that there is no increase of endogenous sucrose in embryos during 
after-ripening, though the possibility that significant changes occur in the 
amount of other sugars cannot be excluded. 
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The fact that GA alone, in high concentrations, invariably induced ger- 
mination indicates that it satisfied the sugar requirement of dormant embryos. 
This agrees entirely with Paleg’s finding that GA increases the rate of con- 
version of starch to sugar in barley endosperm (7). Evidence that leaching 
dormant embryos increases the capacity of a given dose of GA to substitute 
for exogenous sucrose strongly suggests that GA reverses the effects of an 
endogenous substance which inhibits sugar production. This prevention of 
sugar production and, thus, the maintenance of starch reserves, provides an 
explanation of the well-known persistency of wild oat seeds in cultivated 
soils. 

While the inhibition of sugar formation is obviously important, it is not the 
only factor contributing to embryo dormancy. This is evident since newly 
matured embryos could not be induced to germinate by sucrose alone. The 
basis of this inhibition of growth is not known, except that it, too, can be 
overcome by GA (Fig. 6). That GA has a second promotive effect not related 
to sugar formation is indicated by (1) GA-sucrose synergism (Fig. 6) and (2) 
the fact that rate of germination is GA dependent, even in ‘‘old’* embryos 
which do not respond to exogenous sucrose (Fig. 4), and in newly matured 
embryos supplied with sucrose (Figs. 6 and 8). 

These results do not show whether both of the observed effects of GA 
depend on GA-inhibitor antagonism, nor is there any indication of which 
metabolic processes other than sugar formation can respond to this substance. 
In any case, the two processes have distinctly different concentration optima 
for GA (Fig. 8). Moreover, of the two effects of GA on rate of germination, 
that involving sugar production disappears relatively earlier in after-ripening. 
This may reflect the existence of two GA-sensitive inhibitors which are lost 
or inactivated at different rates. 

Evidence that loss of dormancy is correlated with decrease in activity of 
at least one inhibitory substance in intact caryopses was previously shown 
by Black (2). 

In view of the evidence that an endogenous gibberellin occurs in A. fatua 
seeds, and since exogenous GA alone is capable of inducing germination or 
accelerating the rate of germination in embryos showing all degrees of dor- 
mancy, it appears likely that an endogenous gibberellin has a promotive role 
in this process. Thus it is necessary to consider whether loss of dormancy in 
after-ripening could be explained by an increase in amount, or activity, of an 
endogenous gibberellin. Such an increase might account for the lack of re- 
sponse of old Torch embryos to exogenous GA (Fig. 9). It would not, however, 
account for the loss of dormancy in A. fatua for the following reasons. Two- 
year-old embryos still respond to small amounts of GA (<0.1 p.p.m.) though 
not to sucrose (Figs. 3 and 4), which implies there is still a deficiency of GA. 
The requirement of newly ripened embryos for sugar was satisfied by GA 
only in concentrations greater than 0.1 p.p.m. (Fig. 8), whereas this concen- 
tration was nearly optimal for the other GA-sensitive process involving 
utilization of sugar in germination (Fig. 8). Thus any increase in concentration 
of endogenous GA sufficient to meet the demand for sugar production must 
be expected to satisfy the GA requirement for both processes. 
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Further evidence that changes in endogenous gibberellin are not significant 
in termination of dormancy is provided by the results of the leaching experi- 
ments. Leaching dormant embryos increased the rate of germination in the 
presence of a given small amount of GA. Response to sucrose was also in- 
creased by this treatment. If loss of dormancy was caused simply by an in- 
crease in endogenous GA, leaching would have the reverse effect, since some 
loss of GA could be expected. 

It appears more likely that rate of germination is determined by the relative 
amounts of endogenous gibberellin and inhibitor. This is supported by the 
evidence that leaching increases the promotive effect of a unit quantity of 
GA (Fig. 10). Natural loss of dormancy may, therefore, depend principally 
on the decrease in the endogenous inhibitor (cf. Black (2)) which antagonizes 
GA. The finding that the germination inhibitor coumarin competitively 
reverses the promotive effect of GA in germination of A. fatua embryos 
(Naylor and Simpson, unpublished) may be relevant. An inhibitor—gibberellin 
antagonism in the control of growth is probably not confined to dormancy. 
This is indicated by the participation of a gibberellin-inhibitor mechanism 
of growth control in pea stem internodes (8). 
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GROUPING OF ISOLATES OF A LOW-TEMPERATURE 
BASIDIOMYCETE ON THE BASIS OF CULTURAL 
BEHAVIOR AND PATHOGENICITY! 


E. W. B. WArRD,? J. B. LEBEAU,’ AND M. W. CorMAcK* 


Abstract 


Isolates of an unidentified low-temperature basidiomycete, associated with 
snow mold in Western Canada, were divided into three types, A, B, and C, on 
the basis of their general cultural appearance. Support for ‘this classification 
was obtained when representative isolates of each type were examined to deter- 
mine: the effect of temperature and pH on growth; tolerance of antibiotics and 
HCN;; ability to liberate HCN in culture and in the host plant; pathogenicity. 

Type A isolates grew slowly under most conditions and were least tolerant of 
the extremes of temperature and pH employed, moderately inhibited by anti- 
biotics, and strongly inhibited by HCN. They produced HCN in large quantities 
in host plants and none in culture. They were moderately pathogenic on grass 
and highly pathogenic on alfalfa. Type B isolates grew somewhat more rapidly 
than type A, especially at the upper and lower temperatures, and grew ov mad a 
wider pH range. These isolates were more tolerant of antibiotics and HC 
They produced smaller quantities of HCN than type A in infected alfalfa oe 
but released large amounts in culture. They were less pathogenic than type A on 
alfalfa but similarly pathogenic on grass. Type C isolates were fast-growing 
forms which were strongly inhibited by antibiotics and HCN. They did not 
liberate HCN under any conditions and were not pathogenic. 


Introduction 


A basidiomycetous fungus causing snow mold of turf grass in Alberta was 
first described by Broadfoot (1). The same fungus was later found to cause a 
severe winter crown rot of legumes (2) and its pathogenicity on a variety of 
species of grasses and legumes has been demonstrated under natural (4, 5, 6) 
and artificial (7) conditions. Fruiting bodies or spores have not been found 
either on diseased plants or in laboratory culture, but the ability to grow at 
low temperatures and the presence of hyphal clamp connections has led to 
the use of the term ‘low-temperature basidiomycete’ in describing the fungus 
(2). Lebeau and Dickson (11, 12) reported that HCN was released by cultures 
growing on laboratory media and obtained evidence that this substance was 
produced during infection of alfalfa plants, accumulating in crown tissue in 
concentrations highly toxic to the host plant. These findings have been con- 
firmed by subsequent experiments (9, 10) and HCN production is believed to 
be the major factor in the etiology of diseases caused by this fungus. 

Isolates have been collected from several hosts and from widely separated 
locations in Western Canada (5) and Alaska (13). These were identified as 
the low-temperature basidiomycete by their association with host material 
beneath snow cover in early spring and by their growth in culture at low 
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’Plant Pathology Section, Canada Agriculture Rese sarch Station, Lethbridge, Alberta. 
‘Canada Agriculture Research Station, Saskatoon, Saskatchewan. 
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temperatures, where they produced white sterile mycelium with typical clamp 
connections. However, examination of these isolates indicated that although 
they were generally similar they frequently differed in cultural appearance 
and other characteristics and could not be regarded as a completely homo- 
genous group. In this paper a number of observations and experiments are 
described which illustrate these differences and provide a basis for a simple 
classification of the isolates. 


Results 


Cultural Appearance of Isolates 

On the basis of their general cultural appearance on common laboratory 
media the isolates were divided into three groups. These will be referred to 
subsequently as types A, B, and C (Fig. 1). 

The type A isolates were differentiated by their relatively slow-growing 
compact colonies, with mycelium mostly appressed to the substratum. This 
group is also characterized by stromalike bodies (Fig. 2) produced in abundance 
by all isolates. These flattened structures develop at the surface of agar 
cultures and are often arranged in concentric rings. Similar structures are 
produced in contact with the glass in flasks of soil media. 

Type B isolates were distinguished from those of type A by their production 
of abundant, fluffy aerial mycelium, particularly in flasks of soil media. The 
colonies generally grow more rapidly than those of type A. Stromata are not 
produced under normal cultural conditions. 

Type C is a heterogenous group which was differentiated to cover extremely 
fast-growing isolates. These isolates were invariably obtained from super- 
ficial, apparently saprophytic mycelial growth found on a wide variety of 
grasses and other plants in early spring. On agar the colonies generally grow 
much more rapidly than those of type B and produce less aerial mycelium. 
Stromata are produced by certain isolates of this type, e.g. W17. All of these 
rapidly growing isolates appear to be highly compatible with other isolates. 
Unlike type A and B isolates, no zone is formed between adjoining colonies. 

Two isolates of each type were selected for comparative study as follows: 
type A — isolates W1 and W10; type B isolates W2 and W5; type C 
isolates W14 and W17. 


Influence of Temperature on Growth 

The growth response of the six representative isolates of the low-temper- 
ature basidiomycete was studied on Difco potato dextrose agar in tubes of 
the kind described by Ryan et a/. (14). A uniform disk cut from an agar plate 
culture was transferred to the medium in one end of each of four tubes for each 
isolate and temperature. The tubes were supported in a horizontal position 
and were incubated for 3 weeks at temperatures of 0°, 5°, 10°, 12.5°, 15°, 17.5°, 
20°, and 25°C. Temperatures were closely maintained in thermostatically 
regulated cabinets placed in controlled-temperature rooms. Growth in each 
tube was measured in millimeters at weekly intervals. 

Types A, B, and C differ in their response to temperature, as shown by the 
results of three experiments with two isolates of each type (Table I). Growth 
of type A (W1 and W10) was relatively slow at all temperatures, and especially 
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at 25° C. One isolate of type B (W5) produced significantly more growth than 
those of type A at all temperatures and W2 also grew more rapidly at 0°, 5°, 
20°, and 25° C. Isolate W14 of type C grew much more rapidly than the type 
A and B isolates at all temperatures. Isolate W17 also grew very rapidly at 
5° to 17.5° C but was comparable to the B isolates at the temperature extremes 
of 0°, 20°, and 25° C. 


TABLE I 


Effect of temperature on the growth of six isolates of the low-temperature 
basidiomycete on Difco potato dextrose agar 








Growth in millimeters* 

















Type A Type B Type C 
_'s Wi Ww10 W2 W5 Wi4 W17 
0° 7.4 8.6 Ee 14.6 18.0 14.5 
a aud 22.2 30.7 28.7 38.6 37.6 
10° 32.8 32.9 34.3 37.0 56.1 59.4 
13..5° 38.2 37.8 38.4 42.6 65.4 64.1 
i 34.9 34.3 34.6 40.6 66.6 62.3 
Po $3.9 33.9 36.5 43.6 69.0 57 <S 
20° 17.0 17.3 25.3 24.8 42.5 21.3 
an" 4.5 a7 9.1 7.6 13.5 8.3 





*Average growth in four replicate tubes after incubation for 27 days. 


Best growth of all types and isolates studied occurred at 12.5° to 17.5° C. 
With type B isolates there were no significant differences in growth within 
this temperature range. All type A isolates tested grew best at 12.5° C. W14 
produced significantly more growth at 17° than at 12.5°C and the reverse 
occurred in all tests with W17. 

Type A isolates responded most uniformly to temperature. Type B showed 
more variability and the isolates classed as type C differed markedly in their 
response, as in other characteristics. W17 produced only about one-half 
the growth of W14 at 20° and 25° C. 


Influence of Hydrogen-ion Concentration on Growth 

The effect of hydrogen-ion concentration on growth of the six isolates of 
the low-temperature basidiomycete was determined on ‘M.Y.G.’ agar adjusted 
to the pH values of 3.0, 4.0, 5.0, 6.0, 6.5, 7.0, 8.0, and 9.0. This medium was 
composed of malt extract (Difco) 5.0 g, yeast extract (Difco) 5.0 g, D-glucose 
15.0 g, agar (Difco-Bacto) 17.0 g, and distilled water 1 liter. It was made up 
with half the required volume of water and, after sterilization, the amount 
of sterile N KOH or N HCI needed to adjust a molten sample to the various 
pH values was determined. Appropriate volumes of the remainder of the 
medium were then adjusted to the required pH values with calculated amounts 
of sterile N KOH or N HCI and sterile distilled water was added to make up 
the total volume. Equal volumes (15 ml) were transferred to Petri dishes by 
means of a sterile syringe. After the medium had solidified, the plates were 
inoculated in the center with a uniform disk cut from an agar plate culture 
and incubated at 15° C in a controlled-temperature cabinet. Growth, as the 
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TABLE II 


Effect of pH on the growth of six isolates of the low-temperature 
basidiomycete on M.Y.G. agar 








Growth in millimeters* 























Type A Type B Type C 

pH Wi W10 W2 W5 Wi4 W17 
3.0 0 0 15.0 11.5 0 0 
4.0 27.5 19.5 34.3 32.0 51.3 34.8 
5.0 43.8 30.0 44.5 44.5 75.8 67.8 
6.0 47.0 36.0 44.5 52.5 83.8 79.8 
6.5 45.3 35.5 45.3 17.5 3.8 80.0 
7.0 14.8 36.5 46.5 47.0 84.5 81. 
8.0 31.0 28.0 43.0 40.8 75.8 67.5 
9.0 15.8 15.8 36.5 oe 


$1.3 


*) 
wn 
w 
= 
= 
—) 
o 


*Mean diameters of four replicate cultures after 9 days’ growth. 





diameter of the colony, was measured in millimeters daily and the average 
values from four replicate cultures after 9 days’ growth are given in Table II. 

The pH optima for growth of the six isolates were generally similar in that 
they lay between pH 6.0 and 7.0. The optimum for the type C isolates was 
pH 7.0, that of the other isolates was either pH 6.0 or 7.0, but differences in 
growth over this range were small. The type B isolates were the most tolerant 
of low pH values, being distinct from those of the other types in their ability 
to grow at pH 3.0. Growth of the type B isolates, and particularly W2, was 
also least reduced at the higher pH values. Growth of W2 at pH 9.0 for example, 
was still approximately 80% of that at the optimum pH. The type A isolates 
did not grow at pH 3.0 and growth at pH 9.0 was relatively less than that of 
the other isolates. With both type A isolates there was a lag of 2 days before 
growth commenced at pH 4.0 and pH 9.0. The type C isolates were similar 
to type A in failing to grow at pH 3.0, but at all other pH levels their growth 
rate was conspicuously higher than that of the other types. 


Inhibition of Growth by Antibiotics 

A comparison was made of the tolerance of the six isolates to the anti- 
biotics acti-dione, filipin, griseofulvin, and patulin. These were incorporated 
in M.Y.G. agar to give concentrations of 0, 0.1, 1.0, 5.0, 10.0, 50.0, and 100.0 
p.p.m. The procedure used was similar to that described for the pH experi- 
ments and growth was measured in millimeters at daily intervals. In Table 
III the results have been summarized as the percentage inhibition of growth 
at the concentrations indicated. Acti-dione was by far the most toxic of the 
four antibiotics, and W17 was the only isolate to grow at a concentration above 
10 p.p.m. This isolate commenced growth after a lag of 6 days with 50 p.p.m. 
acti-dione and continued to grow slowly at this concentration until the 
termination of the experiment. Differences in the percentage inhibition of the 
three isolate types occurred with all antibiotics and the responses of the 
representatives of each type were usually very similar. Acti-dione inhibited 
type A and type B to a similar degree while type C showed rather more 
resistance. Type C isolates were, however, more strongly inhibited than type 
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TABLE III 


Inhibition by antibiotics of the growth of six isolates of the low-temperature 
basidiomycete on M.Y.G. agar 








Inhibition, % 














Type A Type B Type C 
Antibiotic Wi Wi0 W2 WS Wi4 W17 
Acti-dione, 10 p.p.m. 50 45 45 50 40 30 
Filipin, 100 p.p.m. 25 25 15 15 45 50 
Griseofulvin, 100 p.p.m. 40 3 35 35 50 80 
Patulin, 100 p.p.m. 15 15 10 10 25 20 





A or type B by the other antibiotics; griseofulvin, for example, was particularly 
toxic to W17 and patulin caused a reduction in growth of W14 and W17 
approximately twice that of the other isolates. With the exception of acti- 
dione, type B isolates were less sensitive to the antibiotics than were those of 
type A. 


HCN Production 

The production of HCN by the low-temperature basidiomycete has already 
been referred to and the following experiments were carried out to compare 
HCN production by the six isolates under study. 

Qualitative tests for detecting HCN released in laboratory culture were 
made by the following method: 10 ml of a sodium picrate solution (25 g sodium 
carbonate and 5 g picric acid in 1 liter distilled water) were added to a 6-cm 
Petri dish which was placed centrally within a 10-cm Petri dish to form a 
center well; an isolate of the low-temperature basidiomycete was grown 
in the outer ring, surrounding the small dish, on a medium composed of a 
10:1 mixture of sterile soil and soybean meal (Fig. 3). The medium in the 
control dishes was not inoculated. The HCN released by the fungus in the 
outer ring diffused into the center well where it reduced the sodium picrate 
(yellow) to sodium picramate (red). 

Tested by this method only the type B isolates gave a positive reaction for 
HCN production. The dark red color that developed in the center well of 
dishes inoculated with these isolates is illustrated in Fig. 3, where there is a 
sharp contrast with the lack of color change in the control and in the dishes 
inoculated with the A and C types. 

The ability of the three isolate types to release HCN under field conditions 
was compared by making cyanide determinations on infected tissues from 
alfalfa plants. First-year plants of Medicago sativa were inoculated in the fall 
using the procedure described by Cormack (5), and determinations of HCN 
content in the crown buds were made in the early spring by the method used 
by Lebeau and Dickson (12). Each of four random plots was inoculated with 
one of the isolates and four control plots were left uninoculated. In addition 
to HCN determinations on the crown buds, survival ratings were made on the 
plants after suitable re-growth in the shoots had occurred. 

The results reported in Table IV show that the type A isolates produce 
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much higher quantities of HCN in the tissues of M. sativa than the type B 
isolates. No evidence of HCN production by type C isolates was obtained 
either in the laboratory or under field conditions. Survival appeared to be 
inversely related to concentration of HCN recovered from the crown bud 
tissues. 


TABLE IV 


Production of HCN in crown buds and survival of M. sativa infected 
by different isolates of the low-temperature basidiomycete 














Isolate Concentrations of HCN Average 
we in crown buds* survival 

Type Number (p.p.m.) (%) 

A Wi 600 18 

Ww10 665 3 

B W2 175 95 

Ws 240 85 

Oe wi4 0 100 

W17 0 100 

Control 0 100 








*HCN concentrations expressed on dry weight basis of crown bud tissues. 


Tolerance of HCN 

The production of large quantities of HCN either in culture or in infected 
plants suggests that the low-temperature basidiomycete may be able to tolerate 
this substance in high concentrations. Accordingly, growth of the six repre- 
sentative isolates was compared on M.Y.G. agar in which KCN was incor- 
porated at concentrations equivalent to 0, 10, 50, 100, 250, and 500 p.p.m. 
The procedure was similar to that already described for the pH experiments. 
After inoculation the Petri dishes were sealed with a broad rubber band to 
reduce loss of gaseous HCN. The diameters of the colonies were measured 
after 7 days’ incubation at 15° C and the mean values for four replicates of 
each isolate are given in Table V. 

Growth of type A and type C isolates was completely inhibited by approxi- 
mately one fifth the concentration of HCN that was required for type B. 
Isolates of types A and C failed to grow at concentrations higher than 50 p.p.m., 
although the type A isolates were relatively less inhibited than the type C 
isolates at lower concentrations. Inhibition of growth that occurred was 
presumably due to the toxicity of the cyanide radical. Addition of KCN 
to the medium increased the pH to the values shown. However, reference to 





Fic. 1. Appearance of cultures of the three types growing on M.Y.G. agar (type A, 
W1; type B, W2, type C, W14). 

Fic. 2. Production of stromata in cultures of W1 (type A) on M.Y.G. agar. 

Fic. 3. Petri dishes containing sodium picrate in center well with A-, B-, and C-types 
of the low-temperature basidiomycete growing on a 10:1 soil — soybean meal mixture in 
the outer ring. The color change from yellow to dark red has occurred in the center well 
of the plates inoculated with the B-type indicating a positive test for HCN. Uninoculated 
Petri dishes on extreme left. 

Fic. 4. Isolations made in the spring from plots of D. glomerata (upper row) and 
M. sativa (lower row) that were inoculated the previous fall with the B-type of the low- 
temperature basidiomycete. 
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TABLE V 


Effect of HCN* on the growth of six isolates of the low-temperature 
basidiomycete on M.Y.G. agar 








Growth in millimeterst 














Type A Type B Type C 
HCN 
(p.p.m.) pH wi Ww10 Ww2 Ws Wwi4 Wi17 
0 6.35 31.5 29.5 40.0 43.0 59.0 60.5 
10 6.46 28.5 28.5 39.5 44.0 42.0 49.0 
50 6.65 9.0 15.0 39.5 42.0 17.0 10.0 
100 7.10 0 0 28.5 32.0 0 0 
250 7.55 0 0 11.0 13.0 0 0 
500 8.30 0 0 0 0 0 0 





*HCN added as KCN. 
tMean diameter of four replicate cultures after 7 days’ growth. 


Table II indicates that only at concentrations of 250 p.p.m. and higher was 
the pH change sufficient to have an appreciable effect on growth of any of 
the isolates. 


Pathogenicity 

Disease surveys in Western Canada have shown varying degrees of damage 
in forage crops and turf grass caused by the low-temperature basidiomycete. 
Much of this variability was caused by fluctuations in environmental con- 
ditions affecting disease development. Recent studies, however, indicate 
that differential infection of the same host may also be caused by variation 
in virulence of the isolates or strains of this organism. Thus, the data in Table 
IV show that the A-type isolates are much more pathogenic on M. sativa than 
are the B-type. The same isolates were tested for pathogenicity in temper- 
ature-controlled cabinets by the method described by Cormack and Lebeau 
(7). The following survival percentages of M. sativa inoculated under arti- 
ficial conditions with the three isolate types confirm the previous results 
obtained from experiments in the field: 


Type A Wi 28 
W10 38 
Type B W2 68 
W5 81 
Type C W114 98 
W17 98 


Control (uninoculated) 96 


In order to compare the relative pathogenicity of these isolates on both 
grass and alfalfa, tests were conducted in the field on Dactylis glomerata and 
M. sativa. Representative isolates of the three types of the fungus were used 
to inoculate three replications of paired plots of D. glomerata and M. sativa. 
The survival percentages of the two host species are recorded in Table VI. 

The results show that the type A isolates were much more pathogenic on 
alfalfa than were the type B isolates. The latter, however, were the most 
pathogenic on grass. A further indication of the preference of the type B isolates 
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TABLE VI 


Survival of M. sativa and D. glomerata inoculated with representative 























Isolate Average survival (%) 

Type Number M. sativa D. glomerata 
A W1 0 70 
W10 3 62 
B W2 47 42 
W5 60 33 
. Wi4 100 100 
W17 100 100 
Control 100 100 


for this host was obtained by plating out tissue from alfalfa and grass plants 
infected with these isolates. Twice the number of type B colonies developed 
in the isolations made from D. glomerata tissue as from M. sativa tissue. 
Typical isolation plates are illustrated in Fig. 4. Conversely, more than twice 
as many type A colonies were obtained from M. sativa tissue as from D. 
glomerata tissue when plants infected with type A isolate were used. 


Discussion 


The results of the experiments described here support the conclusion that 
the isolates of the low-temperature basidiomycete are of three distinct types. 
They possess certain features in common, of which their growth in the form of 
white sterile mycelium bearing basidiomycetous clamp connections is prob- 
ably the most obvious. The temperature ranges and optima for growth of 
the isolates were generally similar and below those most commonly found 
for plant pathogenic fungi (3). The ability of all isolates to make appreciable 
growth at 0° and 5°C is consistent with their natural activity under snow. 
The three types could be distinguished by differences in growth rate and in 
their response to all the other experimental factors to which they were sub- 
jected. 

The view that the type C isolates are saprophytic, spreading superficially 
over the surface of vegetation in early spring, finds confirmation in the results 
reported here. Failure to bring about infection and the absence of HCN 
production under any conditions indicates lack of pathogenicity, especially 
of the kind displayed by the type A and B isolates. The high growth rate of 
the type C isolates may also be a saprophytic characteristic as suggested 
by Garrett (8) for soil saprophytes. The relative sensitivity of these isolates 
to antibiotics which might indicate poor competitive saprophytic ability, 
sensu Garrett, would undoubtedly be offset by their comparatively high 
growth rate at temperatures where competition is probably greatly reduced. 

The differences that were found between the A and the B types are partic- 
ularly interesting. Both groups are parasitic and exhibit the same peculiar 
type of parasitism, involving the production of HCN. The type B isolates, 
however, displayed greater vigor under most cultural conditions. They 
possessed a somewhat higher growth rate than the type A isolates. In fact, 
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the method used here to measure growth did not take account of the develop- 
ment of abundant aerial mycelium and the greater colony density character- 
istic of this type. They grew relatively faster than the type A isolates at the 
extremes of the temperature range employed and tolerated a wider range of 
hydrogen-ion concentration. They were also less sensitive to antibiotics and 
to HCN. The most striking differences between the A and B types lay in 
production and tolerance of HCN, and in pathogenicity. Type B isolates 
produced HCN both in laboratory culture and in infected host tissue. No 
HCN was detected in cultures of the A type but large amounts were produced 
in infected plants. The type B isolates were far more tolerant of HCN added 
to the culture medium than were the other isolates and this suggests a corre- 
lation between ability to produce HCN in culture and high tolerance. In 
view of the universal toxicity of this compound the behavior of these isolates 
is of considerable interest. However, the production of large amounts of HCN 
in host tissue infected with type A isolates (Table IV) suggests that under 
these conditions they, too, possess considerable resistance to this substance. 

Type A isolates were extremely virulent on the alfalfa species whereas 
type B isolates were only moderately pathogenic. However, the latter were 
equal or greater in pathogenicity on the grass species. The type C isolates 
were not pathogenic on either host. The correlation between severe killing 
and the recovery of high HCN concentrations from the crown buds of M. 
sativa (Table IV) is emphasized by the results. Survival of alfalfa plants was 
drastically reduced when the HCN concentration reached 600 p.p.m. in crown 
buds infected by type A isolates. A much smaller HCN concentration accumu- 
lated in plants infected with type B isolates and survival was correspondingly 
much-greater. No HCN was detected in plant tissues inoculated with type C 
isolates and no pathogenesis occurred. 

It may be concluded that the isolates grouped together as the low-temper- 
ature basidiomvcete include a variety of forms active at below normal tem- 
peratures. They have been conveniently classed into three main types, of 
which two, A and B, are parasitic and the third, C, saprophytic. Of the para- 
sitic groups the A type is possibly the most specialized, producing HCN 
only in association with the living host and being less tolerant of a number of 
other limiting factors than the B type. 
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NORTHERN PYRENOMYCETES 
II. GASPESIAN PARK! 


MARGARET E. Barr? 


Abstract 


Two collecting trips in Gaspesian Park, Quebec, during the summer of 
1957, yielded a considerable number of pyrenomycetes. In this paper records of 
87 species or varieties in 46 genera are presented. Two new species, Linocarpon 
umbelliferarum Barr and Pseudomassaria foliicola Barr, are described. Five 
previously described species are transferred to other genera, and the following 
new combinations are proposed: Gibbera cassandrae (Peck) Barr, Gibbera grumi- 
formis (Karsten) Barr, Gibbera kalmiae (Peck) Barr, Gibberidea kalmiae (Peck) 
Barr, and Limacinia arctica (Woronichin) Barr. 


Introduction 

The Gaspé region of the province of Quebec has an interesting phanerogamic 
flora from which to study the occurrence of pyrenomycetes. The scarcity of 
records of any fungi provided an impetus to collect and study in this region. 
In 1957, over 250 collections were made during two periods, from July 6 to 
July 12 and from August 18 to August 22. The following pyrenomycetes are 
reported as a contribution to knowledge of their distribution. Where elucida- 
tion seems necessary, notes and brief descriptions are appended. Two new 
species are described. Several other species appear to be previously unknown, 
but further collections are needed before their relationships can be correctly 
determined. 

The collecting areas visited in the park include the woods, streams, and 
trails in the vicinity of the chalet, the top of Mont Albert, and two lakeshores 
within a few miles of the chalet. Scoggan (1950) has discussed the physical 
features, climate, glaciation, and life form classification of the region. The host 
plants cited in the following list of fungi are determined in accordance with his 
systematic arrangement. 

The necessary funds for the field work were provided by the National 
Research Council of Canada, for field expenses under my Postdoctorate 
Fellowship. I wish to express my appreciation to the Council for making these 
collecting trips possible. I am grateful to Mr. L. P. Gagnon, General Superin- 
tendent of Parks and Reserves, Département de la Chasse et de la Péche, of 
the Province of Quebec, for permission to collect in Gaspesian Park. Mlle. 
Laurette Gagné, Le Gite du Mont Albert, was most helpful in arranging for 
guides within the Park, and in making accommodations for drying the fungi. 
The plant specimens were identified by Dr. R. B. Livingston of the Department 
of Botany of the University of Massachusetts. For the loan of type specimens 
to compare with my collections, | am indebted to Mr. S. J. Smith, Senior 
Curator of Botany at the New York State Museum, Albany, New York, and 

‘Manuscript received September 6, 1960. 

Contribution from the Department of Botany, University of Massachusetts, Amherst, 


Mass., U.S.A. 
2Mrs. Howard E. Bigelow. 
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to Dr. D. B. O. Savile, Curator of the Mycological Herbarium, Plant Research 
Institute, Ottawa. 

A complete set of identified specimens wait type material of the two new 
species are deposited in the Mycological Herbarium, Plant Research Institute, 
Central Experimental Farm, Ottawa (DAOM). 

As in the first paper in this series (Barr 1959), the fungi are cited in alpha- 
betical order within the family. 


Taxonomy 
PSEUDOSPHAERIACEAE 
Wettsteinina macrotheca (Rostrup) Mueller, Sydowia, 12: 203. 1958. 
On Eriophorum angustifolium Roth, 1956. 
This collection is similar to those reported on Carex from northern Quebec 
(Barr 1959). The spores reach a length of 48 uw, somewhat larger than the size 
range found previously, but are identical in shape. 


Wettsteinina mirabilis (Niessl) von Hoehnel, Sitz. K. Akad. Wiss. Wien 
Math.-nat. Kl. 116: 635. 1907. 

On Artemisia borealis Pall., 2266, Coptis trifolia (L.) Salisb. var. groenlandica 
(Oeder) Fassett, 1929B. 

The fungus on Coptis is immature and has smaller spores than is generally 
found in this species. In the collection on Artemisia, the spores frequently have 
three secondary septa, one above and two below the primary septum. After 
discharge from the ascus the spores become brown and the wall roughened. 


Wettsteinina niesslit Mueller, Sydowia, 4: 204. 1950 (Fig. 1). 

On Eriophorum angustifolium Roth, 1956. 

This species occurred on the same collection of Eriophorum as did W. 
macrotheca. The two species are readily distinguished microscopically. W. 
niesslit has long fusoid spores, 52-67 X4.5—-6 uw, whereas the spores of W. 
macrotheca are ellipsoid to cylindrical, 31.5-48 X7.5-12 uw. W. niesslii is de- 
scribed by Mueller (1950) as having three- to five-septate spores. My collection 
from Mont Albert has spores with only one central septum. However, it agrees 
well with Mueller’s description in other respects. A collection on Carex from 
Great Bear Lake, Northwest Territories, is more mature than either Mueller’s 
or my collections. The spores are 52-63 X 10-14 y, light yellowish, and finally 
six-to seven- (rarely eight-) septate. The gelatinous coating surrounding the 
spore is 3—4.5 uw wide. 

According to the description of Sphaerella bacillifera Karsten (1883), it is 
close to W. niesslii. The spores are described as uniseptate, greenish hyaline, 
and 45-606 uw. Munk (1957) transferred the species to Leptosphaeria and 
reported the spores as 36-45 X 4-5 w, with a primary central septum and two 
to four secondary septa. 

DOTHIDEACEAE 


Mycosphaerella caulicola (Karsten) Lind, Danish Fungi, p. 208. 1913. 
On Geum canadense Jacq., 2022; Hieracium pratense Tausch., 1908. 
These collections are identical with Munk’s (1957) concept of the species. 
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The depressed, grouped ascostromata, narrow asci, and spores are distinctive. 
M. caulicola has been reported on a number of herbaceous plants in Europe. 


Mycosphaerella colorata (Peck) House, N.Y. St. Mus. Bull. 233-234: 26. 1921 
(Fig. 2). 
On Kalmia angustifolia L., 2011, 2216. 
Type material of Sphaerella colorata Peck is identical with these collections. 


Mycosphaerella cixptis (Schw.) House, N.Y. St. Mus. Bull. 233-234: 27. 1921. 
On Coptis trifolia (L.) Salisb. var. groenlandica (Oeder) Fassett, 1929A, 1975. 
Pycnidia of Septoria coptidis B. & C. are erumpent through the upper 

surface of leaf spots, and the Mycosphaerella develops in the same spots in 

the lower side of the leaf. 


Mycosphaerella filicum (Desm.) Starb., Bihang till K. Svenska Vetensk.-Akad. 
Handl. 15, Afd. III(2): 9. 1889. 
On Cystopteris fragilis (L.) Bernh., 2000. 


Mycosphaerella lineolata (Rob. in Desm.) Schroeter, Die Pilze Schlesiens, 2: 
339. 1894. 
On Carex sp., 1966, 2276; Deschampsia caespitosa (L.) Beauv. var. littoralis 
(Reut.) Richter, 1962; Phleum pratense L., 2005. 


Mycosphaerella lycopodii (Peck) House, N.Y. St. Mus. Bull. 233-234: 28. 1921. 
On Lycopodium annotinum L. var. acrifolium Fernald, 1959B; Lycopodium 
annotinum L. var. pungens (La Pyliae) Desv., 1959A. 


Mycosphaerella maculiformis (Fr.) Schroeter, Die Pilze Schlesiens, 2: 333. 1894. 
On Betula papyrifera Marsh., 1949; Pyrus americana (Marsh.) DC., 2038; 
Salix sp., 2040, 2267. 


Mycosphaerella minor (Karsten) Johans., Ofversigt af K. Vetensk.-Akad. 
Forh. 1884(9): 165. 1884. 

On Andromeda glaucophylla Link, 2205; Armeria maritima (Mill.) Willd. 
var. labradorica (Wallr.) Lawr., 2268; Artemisia borealis Pall., 2266; Epilobium 
angustifolium L., 1911; Lonicera canadensis Marsh., 2003; Osmunda regalis L. 
var. spectabilis (Willd.) Gray, 1937; Pyrola secunda L., 1907; Vaccinium 
ovalifolium Sm., 1952. 


Mycosphaerella tassiana (de Not.) Johans., Ofversigt af K. Vetensk.-Akad. 
Forh. 1884(9): 167. 1884. var. tassiana. 

On Arenaria obtusiloba (Rydb.) Fern., 2269; Carex sp., 1958; Empetrum 
nigrum L., 1970; Ranunculus acris L., 2001. 


Mycosphaerella tassiana (de Not.) Johans. var. arctica (Rostr.) Barr, Contrib. 
Inst. Bot. Univ. Montreal, 73: 24. 1959. 
On Sisyrinchium montanum Greene, 2023. 


Mycosphaerella tassiana (de Not.) Johans. var. arthopyrenioides (Auersw.) 
Barr, Contrib. Inst. Bot. Univ. Montreal, 73: 26. 1959. 
On Plantago major L., 1892; Pyrola secunda L., 1907. 
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Mycosphaerella vaccinit (Cke.) Schroeter, Die Pilze Schlesiens 2: 335. 1894. 

On Andromeda glaucophylia Link, 1982. 

Although occurring on leaves of Andromeda rather than Vaccinium, this 
collection cannot be distinguished from others of M. vaccinii. The ascostromata 
are grouped and hypophyllous, the asci numerous and narrow, and the spores 
are 16.5—22.5 X 2-3 yw, fusoid and curved. 


CAPNODIACEAE 


Limacinia arctica (Woronichin) comb. nov. (Figs. 3, 4). 

Aithalomyces arctica Woronichin, Ann. Mycol. 24: 149. 1926. 

Ascostromata 150-265 uw in diameter, globose, superficial on coarse black 
subiculum, hyphae dark brown, short-celled, constricted at the septa, thick- 
walled, 13.5-18 w wide, walls roughened, branched, wall of ascostroma thin, 
hyphae appendages dark brown, septate, not or slightly constricted, anasto- 
mosing with the subiculum. Asci 72-100 33-48 yw, saccate, apex rounded, 
base rounded and sessile or foot-like, wall double, thickened, fasciculate, 
aparaphysate. Spores 33-39X12-18 yu, yellowish brown to olive-brown, 
ellipsoid-fusoid, ends narrowed, rounded or pointed, straight, three-septate, 
not constricted until fully mature, wall double, thick, smooth, contents 
guttulate, crowded in the ascus. 

On branches of Empetrum nigrum L., 2270. 

This collection agrees in all respects with Woronichin’s (1926) description 
of Aithalomyces arctica. The species was described from Russian Lapland on 
Arctostaphylos uva-ursi, Empetrum nigrum, and Phyllodoce taxifolia. As far as 
I can determine, the genus Aithalomyces, of which A. arctica is the type species, 
cannot be distinguished from Limacinia. Woronichin stressed the lack of an 
ostiole in Aithalomyces, but as discussed previously (Barr 1955), the pore of 
ascostromata of this type is generally small and indistinct. Azthalomyces 
rhododendri Woronichin (1926), the only other species described in this genus, 
probably should be considered a species of Limacinia as well. It is said to 
differ from A. arctica in forming a thick cushion-like subiculum and in shorter 
and narrower spores. 

L. arctica is closely related to L. alaskensis Sacc. and Scalia. The chief 
differences between the two lie in the smaller ascostromata, narrower asci, 
and smaller spores of the latter species. In growth habit and mycelial append- 
ages, they are similar. 

PLEOSPORACEAE 
Dendropleella hirta (Fr.) Munk, Dansk Bot. Arkiv. 15(2): 126. 1953. 

On branches of Sambucus pubens Michx., 2212. 

This collection agrees in all respects with Munk’s (1957) description of the 
species. 

Didymella glacialis Rehm, Hedwigia, 21:121. 1882. 

On Carex sp., 2254. 

D. glacialis was described on grass from the Tyrol. It has been reported on 
Carex and Juncus as well as grasses from Spitzbergen, Norway, Siberia, and 
various localities in the Alps. The papillate ascostromata, numerous narrow 
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asci, and fusoid, 13.5-16.5 X 3-4 w spores distinguish this species from others 
occurring on Carex. 


Gibberidea kalmiae (Peck) comb. nov. (Figs. 5-7). 

Leptosphaeria kalmiae Peck, 39th Rept. N.Y. State Mus. p. 53. 1886. 

Ascostromata 385-460 wu in diameter, 300-370 uw high, globose to depressed, 
immersed in wood in a single row, erumpent through elongate slits in the bark, 
black, short papillate, wall thick, 82-130 uw wide, blackened externally, bases 
immersed in and connected by blackened stromatic hyphae. Asci 97-127 
7.5—9 uw, cylindrical, apex rounded, base narrowed to a short stalk, wall double, 
thickened above, numerous, pseudoparaphysate. Spores 16.5—-205-7 yn, 
yellowish brown, ellipsoid, ends narrowed and rounded, straight to inequi- 
lateral, three-septate, deeply constricted at the central septum, wall thick, 
double, smooth, contents guttulate, uniseriate in the ascus. 

On branches of Kalmia angustifolia L., 2203; C. H. Peck, Grassy Pond, 
Adirondack Mts., New York, June, 1885 (type of Leptosphaeria kalmiae). 

The collection from Mont Albert agrees in all respects with Peck’s type of 
Leptosphaeria kalmiae. This fungus, with thick-walled, grouped ascostromata, 
united at the bases and growing on woody branches, is typical of the genus 
Gibberidea rather than of Leptosphaeria. G. kalmiae appears to be close to 
G. rhododendri (Niessl) Petrak, according to description. I have seen no 
material of the latter to determine the specific differences. 


Leptosphaeria doliolum (Fr.) Ces. & de Not., Comment. Soc. Critt. Ital. 1: 234. 
1863. 

On Achillea millefolium L., 1997; Anaphalis margaritacea (L.) B. & H., 2249; 
Aster sp., 2253; Epilobium glandulosum Lehm. var. adenocaulon (Haussk.) 
Fernald, 2250; Heracleum lanatum Michx., 2198; Hieracium pratense Tausch.., 
2252; Potentilla norvegica L., 2246. 


Leptosphaeria hyperborea (Fckl.) Berl. & Vogl., Addit. Syll. Fung. p. 140. 1886. 

On Arctostaphylos alpina (L.) Spreng., 1969; Armeria maritima (Muill.) Willd. 
var. labradorica (Wallr.) Lawr., 1957. 

For the present, L. hyperborea is retained in the genus Leptosphaeria. It 
actually has more affinities with members of the genus Phaeosphaeria. How- 
ever, it is also closely related to Leptosphaerulina in the Pseudosphaeriaceae. 
Leptosphaerulina pulchra (Wnt.) Barr differs from Leptosphaeria hyperborea 
chiefly in somewhat broader spores which are three- to five- (rarely six-) 
septate with one vertical septum. In growth habit and in the shape of all 
structures there is a marked similarity. 


Leptosphaeria lycopodina (Mont.) Sacc., Syll. Fung. 2: 81. 1883. 
On Lycopodium annotinum L. var. pungens (La Pyliae) Desv., 1959A, 1978. 
This species and the following are related but readily separable. L. lycopodina 
produces copious dark-brown mycelium and has larger straight spores, 27-33 X 
9-12 uw, than does L. marciensis. The latter species is glabrous or nearly so, 
with straight to curved spores which measure 24-27 X6-7 wu. Holm (1957) 
distinguishes these two species on the above characteristics. 
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Leptosphaeria marciensis (Peck) Sacc., Syll. Fung. 2: 80. 1883. 
On Lycopodium annotinum L. var. pungens (La Pyliae) Desv., 1959A, 1978; 
L. annotinum L. var. acrifolium Fernald, 1959B. 


Leptosphaeria ogilviensis (Berk. & Br.) Ces. & de Not., Comment. Soc. Critt. 
ital, 1:'235. 1863. 
On Anaphalis sp., 1909; Solidago sp., 2179. 


Melanomma pulvis-pyrius (Fr.) Fckl., Symb. Mycol. p. 160. 1870. 
On Pyrus americana (Marsh.) DC., 1939; rotting twigs, 2232. 


Nodulosphaeria aquilana (D.Sacc.) Holm, Symbolae Bot. Upsalienses 14(3): 
83. 1957. 
On Hieracium pratense Tausch., 1908. 
This collection is identical in all respects with Holm’s (1957) description of 
the species. 


Nodulosphaeria modesta (Desm.) Munk, Dansk Bot. Ark. 15(2): 136. 1953. 
On Heracleum lanatum Michx., 1951; Ranunculus acris L., 2001; Compositae 
stalks, 1950. 
N. modesta, according to Holm (1957) is common on numerous host plants. 
These collections agree with his concept of the species. 


Ophiobolus erythrosporus (Riess) Winter, in Rabenhorst, Kryptogamenfl. 1(II): 
525. 1887. 
On Achillea sp., 1997; Aster sp., 2253. 


Ophiobolus rubellus (Fr.) Sacc., Michelia, 2: 324. 1881. 
On Heracleum lanatum Michx., 1951, 2198. 


Phaeosphaeria eustoma (Fckl.) Holm, Symb. Bot. Upsalienses 14(3): 109. 1957. 
On Carex sp., 2248; Deschampsia caes pitosa (L.) Beauv. var. littoralis (Reut.) 
Richter, 1962. 


Phaeosphaeria herpotrichoides (de Not.) Holm, Symb. Bot. Upsalienses 14(3): 
115. 1957. 
On Carex sp., 2020; Phleum pratense L., 1999, 2005, 2247; grass, 1912 


Pleospora ambigua (Berl. & Bres.) Wehmeyer, Mycologia, 43: 42. 1951. 
On Anaphalis margaritacea (L.) B. & H., 2249; Hieracium pratense Tausch., 
256. 


Pleospora helvetica Niessl, Verhandl. nat. Ver. in Briinn, 15: 191. 1876. 
On Arenaria obtusiloba (Rydb.) Fern., 1954; Campanula rotundifolia L., 
2277; Heracleum lanatum Michx., 1951; Solidago sp., 2179. 


Pleospora moravica (Petrak) Wehmeyer, Amer. Journ. Bot. 39; 241. 1952. 
On Potentilla fruticosa L., 2271. 


Pleospora phaeospora (Duby) Ces. & de Not., Comment. Soc. Critt. Ital. 
1: 44. 1863. 
On Campanula rotundifolia L., 2176. 
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Sporormia leporina Niessl, Oesterr. Bot. Zeitschr. 28: 44, 96. 1878. 


Sporormia minima Auerswald, Hedwigia, 7: 66. 1868. 
On moose dung, 2211. 


Strickeria obducens (Fr.) Winter, in Rabenhorst, Kryptogamenfl. 1(II): 285. 
1887. 
On Alnus crispa (Ait.) Pursh., 2178A. 


Trichometasphaeria gloeospora (Berk. & Curt.) Holm, Symb. Bot. Upsalienses 
14(3): 144. 1957. 
On Aralia nudicaulis L., 1934, 1948; Hieracium pratense Tausch., 2252. 


BoTRYOSPHAERIACEAE 


Botryosphaeria abietina (Prill. & Delacr.) von Arx & Mueller, Beitr. Krypto- 
gamenfl. Schweiz, 11(1): 42. 1954 (Fig. 8). 
On Abies balsamea (L.) Mill., 1936. 
This collection agrees in all respects with von Arx and Mueller’s (1954) 
description of the species. It has not been recorded previously from North 
America. 


LOPHIOSTOMATACEAE 


Lophiostoma thujae Ellis & Everhart, North Amer. Pyreno. p. 226. 1892 
(Figs. 9, 10). 

On Thuja occidentalis L., 1927. 

This collection has spores 15-18 X4.5—6 uw, which are larger than given in 
the description (14-163 yw). Otherwise it agrees closely with this species, 
which was described on Thuja from New York and Ontario (Ellis and Everhart 
1892). 

VENTURIACEAE 


A piosporina morbosa (Schw.) von Arx, Acta Bot. Neerlandica, 3(1): 86. 1954. 
On Prunus pensylvanica L., 2028. 


Gibbera cassandrae (Peck) comb. nov. (Figs. 11, 12). 

Venturia cassandrae Peck, 38th Rept. N.Y. State Mus. p. 104. 1885. 

Ascostromata 66-82 wu in diameter, 80-100 uw high, conical, erumpent from 
beneath scales and superficial on epidermis, amphigenous, loosely scattered on 
diffuse brown spots, also on petioles and branches, wall thin and brown below, 
blackened above, setose around the apex, setae few, 48-68 uw long, 6-7.5 wu 
wide near base, blackish brown, simple, pointed, brown hyphae arising from 
lower sides and connected with thin hypostroma in leaf tissues. Asci 45-60 X 
15-21 wu, oblong saccate, ends rounded, sessile or nearly so, wall double, 
thickened above, pseudoparaphyses few. Spores 18-21 X6—9 yw, green becoming 
olivaceous at maturity, clavate, ends obtusely pointed, straight to inequilateral, 
one-septate in the middle, slightly constricted, upper cell broader than the 
lower, wall smooth, contents finely guttulate, crowded in the ascus. 
On leaves and branches of Chamaedaphne calyculata (L.) Moench., 2199; 






| 
4 
i 


314 © CANADIAN JOURNAL OF BOTANY. VOL. 39, 1961 


Caroga, Fulton Co., New York, C. H. Peck, July, 1884 (type of Venturia 
cassandrae). 

The collection from Mont Albert is identical in all respects with type 
material. The characteristics of erumpent-superficial ascostromata and thin 
hypostromata are those of the genus Gibbera as it is now delimited (Mueller 
and von Arx, 1950, von Arx 1952, 1954), rather than of Venturia. The latter 
genus is limited to species with immersed ascostromata. 

Gibbera cassandrae differs from G. pulchella (Cke. & Peck) Petrak, also 
occurring on Chamaedaphne, in several respects. Fhe ascostromata of G. 
cassandrae are smaller and not thickly grouped, the asci are shorter and 
broader, and the spores decidedly larger. Those of G. pulchella measure 
9-15.5 X (2.5—)3.5—4.5(-5) gw. 

Shear (1948) considered Venturia cassandrae synonymous with V. arctosta- 
phyli Cooke and Harkness. I have not seen authentic material of the latter 
species, but from the description it differs from G. cassandrae in scattered 
ascostromata and smaller spores. Apparently there is a complex of species or 
varieties of Gibbera on members of the Ericaceae. In numerous collections, I 
have seen forms which differ one from the other only in relatively minor 
characteristics of spore size and shape, scattering or grouping of the ascostro- 
mata, or amount of subiculum formed. Still further study of these and other 
collections is required, before a pattern of speciation can be discerned. 


Gibbera conferta (Fr.) Petrak, Sydowia, 1: 200. 1947. 
On Vaccinium sp., 2191. 


Gibbera dickiet (Berk. & Br.) von Arx, Tijd. over Plantenz. 58: 265. 1952. 
On Linnaea borealis L. var. americana (Forbes) Rehder, 1924, 1930. 


Gibbera grumiformis (Karsten) comb. nov. (Figs. 13-15). 

Sphaerella grumiformis Karsten, Mycol. Fenn. 2: 173. 1873. 

Mycosphaerella grumiformis (Karst.) Starb., Bihang till K. Svenska Vet.- 

Akad. Hand. 16, Afd. III, No. 3, p. 3. 1890. 

Phaeosphaerella grumiformis (Karst.) Sacc., Malpighia 10: 270. 1896. 

Ascostromata 115-165(—300) uw in diameter, irregularly rounded, black, 
shining, epiphyllous, erumpent, wall 18-30 thick, of coarse brown cells, 
increasing in thickness toward the base and forming a thick hypostroma which 
bears a single ascostroma, non-setose. Asci 40-60 X 12-—16.5 uw, oblong saccate, 
apex rounded, base rounded and sessile or abruptly narrowed to a short foot- 
like stalk, wall double, thickened above, numerous, pseudoparaphysate. Spores 
15-19.5 X4.5—-6 uw, green becoming olive-brown, broadly clavate, or oblong, 
ends rounded or lower end obtusely pointed, straight to inequilateral, one- 
septate in the middle or above it, slightly constricted, upper cell broader than 
the lower, wall double, finely roughened at maturity, contents minutely 
guttulate, crowded in the ascus. 

On leaves of Arctostaphylos alpina (L.) Spreng., 1969. 

This species is distinctive in the dense, hypostromatic base which bears a 
single non-setose ascostroma. It belongs in the typical subgenus of Gibbera, 
with a well-developed hypostroma. G. grumiformis appears to be of scattered 
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distribution. It has been reported on species of Arctostaphylos from Russian 
Lapland, Siberia, Sweden, Norway, and Novaya Zemlya. 


Gibbera kalmiae (Peck) comb. nov. (Figs. 16, 17). 
Venturia kalmiae Peck, 28th Rept. N.Y. State Mus. p. 82. 1875. 
Coleroa kalmiae (Peck) Rehm, Ann. Mycol. 9: 288. 1911. 


Ascostromata 37-115 yu in diameter, globose to conical, erumpent-superficial, 
grouped on gray or brown leaf spots, or scattered on leaf or branch or dried 
flower, arising from a thin, subcuticular or subepidermal hypostroma, wall 
thin, darkened toward apex, pore 13-20 wide, surrounded by numerous 
blackish-brown setae, 23-60 uw long; 5.5-7.5 uw wide at base, pointed, usually 
curved, septate or simple. Asci 27-57 X6.5-13.5 uw, oblong to saccate, apex 
rounded, base narrowed to a foot-like stalk or rounded and sessile, wall 
double, thickened above, pseudoparaphyses few. Spores 10-15 X 3-5 yw, greenish 
becoming olive-green to olive-brown, fusoid or clavate, narrowed to the obtuse 
or pointed ends, straight to inequilateral, one-septate in the middle, slightly 
constricted and becoming deeply constricted at maturity, upper cell broader 
than the lower, wall double, smooth or finely roughened at maturity, contents 
guttulate, overlapping biseriate or crowded in the ascus. 

On Kalmia angustifolia L., 2011, 2203, 2216; K. polifolia Wang., 1961; 
K. glauca (= polifolia), Kasoag, Oswego Co., New York, C. H. Peck, July, 
1874 (type of Venturia kalmiae). 

The type material of Venturia kalmiae Peck is on leaves, thickly grouped, 
and has spores which are 10-12.5 X3-3.5 yw. The collection on Kalmia polifolia 
(1961) is similar to the type collection. The collections on Kalmia angustifolia 
and several additional collections from Massachusetts are somewhat better 
developed, with spores 11.5-15 X 3-5 uw. When the fungus develops on branches 
it is more scattered on the thin hypostroma than when it develops on leaf 
spots. It frequently occurs scattered on the edges of spots caused by Myco- 
sphaereila colorata (Peck) House. Gibbera kalmiae is a member of the typical 
subgenus of Gibbera by virtue of its erumpent grouped ascostromata on a 
hypostroma. 


Gibbera myrtilli (Cke.) Petrak, Sydowia, 1: 200. 1947. 
On Vaccinium ovalifolium Sm., 1952. 


Gibbera petrakii Mueller, Sydowia, 8: 61. 1954. 
On leaves of Arctostaphylos alpina (L.) Spreng., 1969. 


G. petrakii was described from the Swiss and Italian Alps. It is a minute 
species, with ascostromata 33-80 in diameter and spores 9-12 X3-3.5 yu, 
usually with the lower cell bent. The ascostromata are scattered or somewhat 
grouped on leaves. In the same collection of Arctostaphylos there is a closely 
related fungus with ascostromata 56-115 wu in diameter. The spores are similar 
in shape to those of G. petrakii but measure 15—-19.5 X3-3.5 w. It could well 
be considered a large form or variety of G. petrakit. 


Phaeocryptopus nudus (Peck) Petrak, Ann. Mycol. 36: 15. 1938. 
On Abies balsamea (L.) Mill., 1936. 
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Rehmiodothis betulina (Fr.) von Arx, Acta Bot. Neerl. 3(1): 84. 1954. 
On Betula glandulosa Michx., 2260. 


The asci are immature in this collection, but the stromata and minute 
locules are in accordance with European specimens which I have studied, and 
with descriptions of the species. 


Venturia chlorospora (Ces.) Karst. emend. Aderhold, Hedwigia, 36: 82. 1897. 
On Salix spp., 1973, 1981, 2041, 2040, 2267. 


Venturia ditricha (Fr.) Karsten, Mycol. Fenn. 2: 188. 1873. 
On Betula glandulosa Michx., 1974, 2274; Betula spp., 1901, 1949. 


Venturia fimbriata Dearness & House, Bull. N.Y. State Mus. 233-234: 43. 1921. 

On Achillea millefolium L., 1997; Silene acaulis L., 2279. 

I have recently described and discussed this fungus (Barr 1959). The 
collections listed above are similar to type material from New York. The 
specimens on Achillea are fully mature and their spores reach a size of 7.5—9 X 
3.5-4.5 ps. 


Venturia grossulariae (Auersw. & Fleisch.) Sacc., Syll. Fung. 1: 589. 1882 
(Figs. 18, 19). 

On Ribes sp., 1925. 

Venturia grossulariae seems to have been collected rarely. There are a few 
reports of the fungus from Europe but none, to my knowledge, from North 
America. The ascostromata develop on the under side of fallen leaves. The 
spores measure 7.5—10 X3.5—4.5 wu, with the septum below the middle. 


Venturia macularis (Fr.) Mueller & von Arx, Ber. Schweiz. Bot. Gesell. 60: 
366. 1950. 
On Populus tremuloides Michx., 2037. 


Venturia rumicis (Desm.) Winter in Rabenhorst, Kryptogamenfl. 1(II): 435. 
1887. 
On Rumex acetosella L., 2004. 


Xenomeris raetica (Mueller) Petrak, Sydowia, 8: 291. 1954 (Fig. 20). 

On Arctostaphylos alpina (L.) Spreng., 1969. 

In this material the spores measure 10.5-i2X3-3.5 wu, whereas Mueller 
(1954) described them as 7-8 X2.5—3 uw. Despite the discrepancy noted, I have 
no doubt of tie identity of this fungus. The ascostromata are small and lack 
setae. They are seated sparsely on a cushion-shaped hypostroma which is 
immersed in the leaf tissue. 


HERPOTRICHIELLACEAE 
Herpotrichiella fusispora Barr, Contrib. Inst. Bot. Univ. Montreal, 73: 28. 
1959. 
On Phyllodoce coerulea (L.) Bab., 1967, 1971. 


Herpotrichiella polyspora Barr, Contrib. Inst. Bot. Univ. Montreal, 73: 29. 
1959. 
On Empetrum nigrum L., 1970. 








spo 


Lot 


My 


moi 


Me 


phi 
to 

wa 
SOU 


Jer 


So 


(1 
sp 
m: 





On © 


S. 


ler 
ve 
ck 








BARR: NORTHERN PYRENOMYCETES. II 317 


This collection is similar to those on Cassiope except for slightly smaller 
spores measuring 6-9 X 2-3 yu. 


HYSTERIACEAE 


Lophium mytilinum Fries, Syst. Myc. 2: 533. 1823. 
On Abies balsamea (L.) Mill., 2251. 


Mytilidion decipiens (Karst.) Sacc., Michelia, 1: 55. 1877. 

On Juniperus communis L. var. depressa Pursh., 2194; J. communis var. 

montana Ait., 2202. 
MELIOLACEAE 
Meliola nidulans (Schw.) Cooke, Grevillea, 11: 37. 1882 (Figs. 21-23). 

On Vaccinium vitis-idaea L., 1932. 

The genus Meliola is considered (Luttrell 1951) as a member of the Erysi- 
phales. I do not know enough of this predominantly tropical genus to be able 
to judge whether this species belongs in it or not. My material has thick- 
walled asci and broad paraphyses. M/. nidulans has been reported from the 
southern United States, but not, so far as I could determine, north of New 
Jersey. 

SORDARIACEAE 
Coniochaeta scatigena (Berk. & Br.) Cain, Univ. Toronto Studies, Biol. Ser. 38: 


62. 1934. 
On horse dung in old stable, 2240. 


Sordaria pilosa Mouton, Bull. Soc. Bot. Belgique, 25: 144. 1886. 
On horse dung in old stable, 2240. 


Sordaria pleiospora Winter, Hedwigia, 10: 161. 1871. 
On horse dung in old stable, 2222, 2223. 


POLYSTIGMATACEAE 


Glomerella cingulata (Stonem.) Spauld & von Schrenk, U.S.D.A. Bur. PI. 
Industry Bull. 44: 29. 1903. 
On Sarracenia purpurea L., 2207. 


Paradidymella tosta (Berk. & Br.) Petrak, Ann. Mycol. 25: 238. 1927. 

On Epilobium angustifolium L., 1998, 2255. 

Previously I had included the genus Paradidymella in the Diaphorthaceae 
(Barr 1959). However, the structure of the ascus and perithecium is typical 
of members of the Polystigmataceae. Munk (1957) has transferred this genus 
from Diaporthaceae to Polystigmataceae. 


Phyllachora kalmiae (Peck) Petrak, Ann. Mycol. 39: 283. 1941. 

On Kalmia polifolia Wang., 1961, 2264. 

Both of these collections bear only the black, sterile stromata. Petrak’s 
(1941) description and discussion of Phyllachora kalmiae is based upon a 
specimen collected on Timagami Island, Ontario. I have examined fertile 
material from Nova Scotia, and found it to agree with Petrak’s description. 
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As Petrak noted, Peck (1873) described the spores of Dothidella kalmiae as 
hyaline, one-septate, and 10-12 5-6. On the other hand, the spores of 
Phyllachora kalmiae are one-celled and measure 13—21(—25) X5—7(-10) uw. It is 
possible that Peck confused the spores of an imperfect stage with those of the 
ascus stage. The type of Peck’s species bore no asci that I could find, but does 
have two pycnidial forms. One of these has hyaline conidia, one-septate and 
8-11 2-3 uw, borne on short conidiophores in locules within the stroma. It 
seems logical that the fungus which Peck described is identical with that which 
Petrak described. The blackened stromatic areas on branches are most distince- 
tive. 


Physalospora hyperborea Baeumler, Ann. Natur. Hofmus. Wien p. 439. 1899. 
On Phyllodoce coerulea (L.) Bab., 1971, 2272. 


Physalospora vitis-idaeae Rehm, Ann. Mycol. 4: 40. 1906 (Figs. 24-25). 

On Vaccinium vitis-idaea L., 1972. 

P. vitis-idaeae is similar to P. vaccinii (Shear) von Arx and Mueller, which 
occurs on Vaccinium macrocarpon. The latter species is larger in all measure- 
ments. P. vitis-idaeae was previously known only from Europe. It shows many 
similarities with P. hyperborea on Phyllodoce and Cassiope, differing by larger 
perithecia which are often setose around the beak. The spores of P. vitis-idaeae 
are generally broader and are surrounded by a narrow gelatinous coating, in 
contrast to those of P. hyperborea. 


Plectosphaera clarae-bonae (Speg.) Theissen, Ann. Mycol. 14: 414. 1916. 

On leaves of Vaccinium vitis-idaea L., 1932, 2217. 

P. clarae-bonae is widely distributed in Europe but has not been reported 
previously from North America. These collections are entirely similar to von 
Arx and Mueller’s (1954) description. A distinctive feature of the species is 
the cushion-like mass of hyaline, parallel hyphae at the apex of the perithecium. 


Pseudomassaria foliicola sp. nov. (Figs. 26-28). 

Peritheciis 60-100 diametro, globosis, immersis, hypophyllis, erumpen- 
tibus; peridio tenui, brunneo, ad apicem nigrescente. Ascis 31-42 X7.5—9 yp, 
oblongo-ellipsoideis, apicis cum poro amyloideo, paraphysatis. Sporis 10.5- 
13.5 X 3-4 w, subflavis, fusoideis vel clavatis, infra medium 1-septatis. 

In foliis mortuis Corni canadensis L. Specimen typicum legit M. E. Barr, 
n. 1905, loc. ‘Mont Albert, Gaspesian Park, Quebec’’, Julio 6, 1957. 

Perithecia 60-100 uw in diameter, globose, immersed, hypophyllous, thickly 
scattered, wall thin, about 9 uw wide, cells light brown at sides and base, 
blackened around the erumpent apex; pore 13-20 uw wide, periphysate, in face 
view cells contorted and irregular, a few branched brown hyphae arising from 
sides. Asci 31-42 X7.5—9 yw, oblong ellipsoid, narrowed toward base and apex, 
apex rounded, base short stalked, wall single, thin, slightly thickened above, 
pore blue in Melzer’s solution, paraphyses slender, guttulate, deliquescing. 
Spores 10.5—13.5 X 3-4 yw, yellowish, fusoid clavate, broadest at the rounded 
apex, narrowed to the pointed base, straight or inequilateral, one-septate in the 
lower third, not constricted, wall thin and smooth, contents homogeneous or 
minutely guttulate, overlapping obliquely in the ascus. 
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On overwintered leaves of Cornus canadensis L., 1905 (type), 1926. 

Three species of Pseudomassaria have been described on Cornus, but all 
develop on branches of the woody species, and are distinctly larger than this 
fungus. P. foliicola is characteristic of the genus in structure of perithecia and 
asci, and in the apiospores. It is similar in many respects to P. inconspicua 
(Johans.) Barr on Saxifraga, but differs from that species in size. 

Venturia clintonii Peck was described on leaves of Cornus and has unequally 
septate spores. That fungus, however, is a true Venturia, and the name is 
synonymous with Venturia systema-solare (Fckl.) Winter (Mueller 1957). 

A species of Septoria, referable to Septoria canadensis Peck, is present on 
the same leaves as Pseudomassaria foliicola. The pycnidia are similar in size 
and appearance with the perithecia of the latter fungus, but open on the upper 
leaf surface. The conidia are hyaline, 27—-36X1 yw, curved, one-septate in the 
middle, and contain several guttules. 


HYPOCREACEAE 


Hypocrea citrina (Pers. ex Fr.) Fries, Summa Veget. Scand. p. 185. 1846. 
On old Fomes sp., 1915, H. E. Bigelow 5428. 


Hypomyces aurantius (Fr.) Tulasne, Sel. Fung. Carp. 3: 43. 1865. 
On old Fomes applanatus (Pers. ex Wallr.) Gill., 2014. 


Nectria modesta von Hoehnel, Sitz. K. Akad. Wiss. Wien, Math.-nat. KI. 
116(1): 106. 1907. 
On other pyrenomycetes on Abies balsamea (L.) Mill., 2251. 


Nectria pedicularis (Tracy & Earle) Petrak, Hedwigia, 68: 230. 1929 (Figs. 
29, 30). 

On Aster sp., 2253; Epilobium angustifolium L., 2255; Hieracium pratense 
Tausch., 1908; Silene acaulis L., 2279. 

These collections agree well with Petrak’s (1929) detailed description of 
the species. In the material on Silene, the spores become rough-walled at 
maturity. In other respects that collection does not differ significantly from 
the other three. Tracy and Earle (1901) originally described the fungus from 
the mountains of Colorado and it has been reported elsewhere in the mountains 
of western North America. Petrak’s collections were from Siberia. 


TRICHOSPHAERIACEAE 
Eriosphaeria vermicularia (Fr.) Sacc., Atti Soc. Ven. Trent. 4: 10. 1875 
(Figs. 31, 32). 

On fallen Abies balsamea (L.) Mill., 2251. 

Eriosphaeria vermicularia occurs on dead wood of various trees. It is well 
known in Europe, but not in North America. This collection agrees well with 
Mueller’s (1953) description of the fungus. 

The type specimen of Venturia lanea Dearness (1926) on bark of Chamaecy- 
paris nootkatensis (Lamb.) Spach. from Washington, and a second specimen 
in the Dearness herbarium, on bark of Picea engelmannii (Parry) Engelm. from 
Idaho, are both identical with my collection from Quebec, and with Mueller’s 
description. To the synonymy of Eriosphaeria vermicularia should be added: 
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Venturia lanea Dearness, Mycologia, 18: 246. 1926. 
Cacosphaeria nectrioides Dearness ined. (in herbarium). 


Niesslia pusilla (Fr.) Schroeter, Die Pilze Schlesiens, 2: 294. 1894. 
On Anaphalis margaritacea (L.) B. & H., 2249. 


DIAPORTHACEAE 


Gnomonia campylostyla Auerswald, Mycol. Europ. Heft V/VI: 25. 1869. 
On Betula sp., 1900, 1901, 2039. 


Gnomonia intermedia Rehm, Ann. Mycol. 6: 489. 1908 (Figs. 33, 34). 
On Betula glandulosa Michx., 1974; Betula sp., 1900, 1901, 2039, 2042. 
This fungus has the appearance of G. campylostyla, but the sizes throughout 
are much smaller. These collections of G. intermedia are identical with Rehm’s 
(1908) description of the species. Apparently G. intermedia is rare, for I have 
found very few records of its occurrence, and these only from Germany. 


Linocarpon umbelliferarum sp. nov. (Figs. 35-38). 

Peritheciis 370-600 uw in latitudinem, 300 in altitudinem, globosis vel 
applanatis, immersis, supra in rostrum 77-308 uw altum, 80-100 y crassum, 
erumpens attenuatis; peridiis brunneis. Ascis 67-97 X6-7.5 yw, cylindriceis, ad 
apicem cum poro et sphaera refractaria praeditis, paraphysatis. Sporis 52-67 X 
1.5—2 w, hyalinis vel subflavis, bacillaribus, 3-septis. 

In caulo mortuis Heraclet lanati Michx. Specimen typicum legit M. E. 
Barr, n. 2198A, loc. ‘‘Mont Albert, Gaspesian Park, Quebec’’, Augustus 19, 
1957. 

Perithecia 370-600 uw in diameter, +300 high, globose to applanate, 
immersed beneath epidermis, ostiole erumpent, 77-308 uw high, 80-100 wu in 
diameter, scattered to grouped, wall stout and dark brown, apex of beak 
composed of parallel hyphae, periphysate, few loose, branched, and contorted 
brown hyphae over surface. Asci 67-97 X6-7.5 w, cylindrical, apex rounded, 
base narrowed into a short stalk, wall thin and single, apex thickened and 
bearing a large refractive globule at tip of cytoplasm, a small refractive pore 
at apex, not turning blue in Melzer’s solution, numerous, paraphyses few, 
delicate and thin-walled, guttulate. Spores 52-67 X1.5—2 yw, hyaline with a faint 
yellowish tinge, filiform, ends rounded, width even throughout, straight to 
curved, three-septate, not constricted, wall thin and smooth, contents guttu- 
late especially in end cells, in a parallel fascicle in the ascus. 

On overwintered stalks of Heracleum lanatum Michx., 1951, 2198A (type). 

This fungus presents a problem in generic position, with sphaeriaceous 
structure, no clypeus, and long filiform spores. It does not have the clypeus of 
Linospora nor the horizontal perithecium of Plagiosphaera. The sphaeriaceous 
structure immediately removes it from Ophiobolus. Ceuthocarpon has been 
described as a non-beaked, non-stromatic Linospora, but von Arx (1951) 
considered it synonymous with Linospora. The only possibility seems to be in 
the genus Linocarpon, according to Petrak’s (1952) emended description of the 
genus. The fungus on Heracleum agrees in all points with the generic descrip- 
tion, except that it does not possess the pseudoclypeus found in some species 
of Linocarpon. Munk’s (1957) description of the ascus of L. eucryptum (Berk. 
and Br.) Petrak is identical with that observed here. However, Linocarpon as 
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presently recognized occurs only on monocotyledonous hosts. The new species, 
Linocarpon umbelliferarum, differs from all other species of the genus in that 
respect. 


Melanconis alni Tulasne var. marginalis (Peck) Wehmeyer, A Revision of 
Melanconis ..., Univ. of Mich. Press, 14: 27. 1941. 
On Alnus crispa (Ait.) Pursh., 2178B. 


Phomatospora therophila (Desm.) Sacc., Syll. Fung. 1: 433. 1882. 

On Carex sp., 2254. 

Von Arx and Mueller (1954) transferred this species to Phyllachora and noted 
a slight development of stromatic tissue around the perithecia. This collection, 
as well as others I have examined, shows only scattered brown hyphae in the 
host tissues and lacks a clypeus over the perithecium. I consider that the 
species should be retained in the genus Phomatospora, 


Sydowiella fenestrans (Duby) Petrak, Ann. Mycol. 21: 30. 1923 (Fig. 39). 
On Epilobium angustifolium L., 1911, 1998, 2255. 


Valsa ceratophora Tulasne, Sel. Fung. Carp. 2: 191. 1863. 
On Rubus strigosus Michx., 1992. 
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Note: Figs. 1-39 follow. 
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Fic. 1. Wettsteinina niesslit Mueller, ascospores ( X 1000). 

Fic. 2. Mycosphaerella colorata (Pk.) House, ascus ( X 1000). 

Fics. 3, 4. Limacinia arctica (Wor.) Barr. Fig. 3 hyphal appendage, Fig. 4 ascospores 
(1000). 

Fics. 5-7. Gibberidea kalmiae (Pk.) Barr. Fig. 5 habit of ascostromata (X20); Fig. 6 
ascus, Fig. 7 ascospores ( 1000). 

Fic. 8. Botryosphaeria abietina (Prill. & Delacr.) von Arx & Mueller, ascospore 
(1000). 

Fics. 9, 10. Lophiostoma thujae Ell. & Ev. Fig. 9 habit of compressed ascostromata 
on leaf (X20); Fig. 10 ascospores ( X 1000). 














BARR: NORTHERN PYRENOMYCETES. II 





Fics. 11, 12. Gibbera cassandrae (Pk.) Barr. Fig. 11 ascus, Fig. 12 ascospores (1000). 

Fics. 13-15. Gibbera grumiformis (Karst.) Barr. Fig. 13 habit of glabrous ascostroma 
on hypostroma in leaf tissue (100), Fig. 14 ascus, Fig. 15 ascospores ( X 1000). 

Fics. 16, 17. Gibbera kalmiae (Pk.) Barr. Fig. 16 habit of ascostroma (100); Fig. 17 
ascospores, showing variation in shape at different stages of maturity ( x 1000). 

Fics. 18, 19. Venturia grossulariae (Auersw. & Fleisch.) Sacc. Fig. 18 habit of 
ascostroma ( X 100); Fig. 19 ascospores ( X 1000). 
Fic. 20. Xenomeris raetica (Mueller) Petrak, ascospores (1000). 
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Fics. 21-23. Meliola nidulans (Schw.) Cke. Fig. 21 habit of perithecium on setose 
subiculum (100); Fig. 22 hyphopodium, Fig. 23 ascospores ( X 1000). 

Fics. 24, 25. Physalospora vitis-idaeae Rehm. Fig. 24 ascus, Fig. 25 ascospore ( X 1000). 

Fics. 26-28. Pseudomassaria foliicola Barr. Fig. 26 perithecium (500); Fig. 27 ascus 
(the apical pore stained blue in Melzer’s solution), Fig. 28 ascospores (1000). 
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Fics. 29, 30. Nectria pedicularis (Tracy & Earle) Petrak. Fig. 29 ascus, Fig. 30 
ascospores ( X 1000). 
Fics. 31, 32. Eriosphaeria vermicularia (Fr.) Sacc. Fig. 31 ascus, Fig. 32 ascospores 
xX 1000). 
Fics. 33, 34. Gnomonia intermedia Rehm. Fig. 33 ascus, Fig. 34 ascospores ( X 1000). 
Fics. 35-38. Linocarpon umbelliferarum Barr. Fig. 35 perithecium (100); Fig. 36 
ascus, Fig. 37 ascus tip in Melzer’s solution showing refractive pore and large globule, 
Fig. 38 ascospores ( X 1000) 


Fic. 39. Sydowiella fenestrans (Duby) Petrak, ascospores (1000). 











































FURTHER EVIDENCE OF THE RELATION BETWEEN 
2-DESVINYL-2-FORMYL-CHLOROPHYLL-a AND 
CHLOROPHYLL-d' 


A. STANLEY HOLT 


Abstract 


2-Desvinyl-2-formyl-chlorophyll-a (made by permanganate oxidation of 
chlorophyll-a) and chlorophyll-d (isolated from Gigartina papillata) were com- 
pared. They possessed identical visible absorption spectra, formed reduction 
derivatives with identical spectra, and chromatographed as a single zone on a 
sugar column. These results provide further evidence that chlorophyll-d is 
2-desvinyl-2-formyl-chlorophyll-a. Certain thalli of G. papillata yielded 
chlorophyll-d while others yielded none. All thalli of Rhodomela larix yielded 
chlorophyll-d but in extremely small amounts. 


Introduction 


It has been shown that 2-desvinyl-2-formyl-chlorophyll-a might be identical 
with chlorophyll-d (4). Attempts to confirm this conclusion failed because the 
red algae available for study yielded no chlorophyll-d. Subsequent inquiries 
revealed that samples of chlorophyll-d and pheophytin-d isolated previously 
(5, 6) were no longer available, and later, that other investigators also had 
been unable to confirm the presence of chlorophyll-d in red algae. Conse- 
quently, it was of interest to obtain samples of the same species from which 
chlorophyll-d had been previously isolated (5, 6, 8), and to obtain sufficient 
pigment for comparison with 2-desvinyl-2-formyl-chlorophyll-a. The latter 
pigment results from the oxidation of the 2-vinyl group of chlorophyll-a 
(Fig. 1) by potassium permanganate. The reaction yields first the 2-(1,2- 
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dihydroxy-ethyl) derivative, which is then oxidized to the 2-formyl derivative. 
This communication confirms the presence of chlorophyll-d in extracts of 
certain red algae and provides further support for the conclusion that 
chlorophyll-d is 2-desvinyl-2-formyl-chlorophyll-a. 


Methods and Results 


Samples of Gigartina papillata (C. A. Agardh) J. Agardh and Rhodomela 
larix (Turner) C. A. Agardh were collected at Moss Beach, San Mateo County, 
California, in Sept., 1959, from whole plants attached to rocks partially sub- 
merged at low tide. The material was stored 1—2 days in fresh sea-water at 
about 5° C. Thalli were blanched in boiling water for 1 minute (5) and were 
extracted with methanol at room temperature for 1-2 minutes. The light 
yellow-green solution was then examined with a Beckman recording spectro- 
photometer. The presence of a shoulder or peak at about 700 my on the long- 
wave-length side of the absorption maximum of chlorophyll-a indicated the 
occurrence of chlorophyll-d in the extract (5). 

All extracts of randomly selected thalli of R. larix contained chlorophyll-d; 
the yields were low relative to the total amount of chlorophyll-a that could 
eventually be extracted. However, when thalli of G. papillata were extracted, 
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Fic. 2. The “red’’ absorption spectra of methanolic extracts of Gigartina papillata. The 
alga was extracted for 1 minute with four successive 10-ml volumes of methanol. Curve 
1—first extraction; curve 2—second extraction; etc. The curves were adjusted 0.42 
absorbance units at the “red’’ maximum of chlorophyll-a. 
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some yielded relatively large amounts while others yielded none. Figures 2 
and 3 present examples of extractions of G. papillata. Extracts of both the 
lamina and the stipe contained chlorophyll-d. 

To obtain chlorophyll-d in sufficient amount for comparison with 2-desvinyl- 
2-formyl-chlorophyll-a, approximately 2-3 kg wet weight of G. papillata was 
collected. Two-hundred-gram lots were blanched and extracted twice with 
500 ml of methanol. The methanolic extracts were then added successively to 
about 1-2 liters of petroleum ether (b.p. < 50° C) in a separatory funnel. 
Unexpectedly, the lower yellow-colored methanolic phase was found to contain 
all the chlorophyll-d; none was detectable spectrophotometrically in the 
petroleum ether layer. Successive washes of the methanolic phase with fresh 
petroleum ether removed considerable chlorophyll-a, thereby increasing the 
relative concentration of chlorophyll-d. The total pigment in the methanolic 
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Fic. 3. The “red” absorption spectrum of a methanolic extract of Gigartina papillata. 
[he alga was extracted with 100 ml of methanol. The absorbance was measured at the 
indicated number of minutes following the addition of methanol. 
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extract was then transferred into ether and evaporated to dryness. The absorb- 
ance at 690 my of the ether solution was about 1/10th that at 660 mu. 

The pigments were dissolved in petroleum ether and chromatographed on 
a powdered sugar column. At first chlorophyll-a and some yellow pigments 
moved down the sugar column as rapidly as the solvent front. After continued 
addition of petroleum ether to the column the pigments finally adhered to 
the sugar. Successive additions of 20, 40, 60, 80% (v/v) benzene in petroleum 
ether, followed finally by benzene alone, removed considerable yellow pigment. 
The column was extruded and cut into several segments. Chlorophyll-d was 
found in a zone extending from the top of the column to the top of the zone 
containing chlorophyll-a. Besides some yellow pigment this zone also contained 
a small amount of chlorophyll-b. The pigments were extracted with acetone 
and rechromatographed. By chromatographing twice more, using 0.1% (v/v) 
isopropanol in benzene, yellow pigments and traces of chlorophylls a and 6 
were separated from chlorophyll-d. A fourth column for which 0.1% isopro- 
panol in petroleum ether was used completed the purification. 

The visible absorption spectra of ether solutions of chlorophyll-d and 
pheophytin-d were compared with those of 2-desvinyl-2-formyl-chlorophyll-a 
and its magnesium-free derivative, respectively, and were identical. The 
Molisch phase test intermediates in pyridine containing methanolic KOH 

2, 9) were red. The spectrum of 2-desvinyl-2-hydroxymethyl-chlorophyll-a 
obtained by reduction of the synthetic sample with sodium borohydride (3) 
was identical with that of the reduction product obtained from chlorophyll-d. 
During storage, both chlorophyll-d and 2-desvinyl-2-formyl-chlorophyll-a 
changed partially into their ‘‘prime’”’ derivatives (7). These were removed by 
column chromatography and equal amounts of the purified pigments were 
combined, and cochromatographed. Only one zone was detectable when the 
column was examined using 365 my radiation to excite fluorescence. 


’ 


Discussion 

The above results show that with respect to visible absorption spectra, 
reduction products, and chromatographic behavior on a sucrose column, 
chlorophyll-d and 2-desvinyl-2-formyl-chlorophyll-a possess identical proper- 
ties. However, until sufficient chlorophyll-d has been isolated to permit the 
degradation to, and the identification of the imides of, all four pyrrole nuclei 
(1) and the characterization of the esterifying alcohol, it cannot be established 
that the two compounds are identical. 

Two pertinent questions are raised by this study. (1) Is chlorophyll-d an 
artifact of extraction? (2) Why do certain thalli of Gigartina papillata yield 
relatively large amounts of chlorophyll-d and others yield none? With regard 
to the first question, it seems likely that the blanching process inactivated 
any enzymic oxidation of the C;-vinyl group of chlorophyll-a, and that 
chlorophyll-d is, therefore, present in vivo. The answer to the second question 
will probably require a study of both the morphology and the physiological 
condition of the various thalli. 

In any future study of this problem it will be of interest to determine 
whether any 2-desvinyl-2-(1,2-dihydroxy-ethyl)-chlorophyll-a@ is present in 
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the extracts. This compound has an absorption spectrum almost identical 
with that of meso-chlorophyll-a. As mentioned in the Introduction, it is the 
first product of the stepwise oxidation of chlorophyll-a to 2-desvinyl-2-formyl- 
chlorophyll-a. 
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CHLOROPHYLL DERIVATIVES, SULPHUR, AND CARBON 
IN SEDIMENT CORES FROM TWO ENGLISH LAKES! 


EVILLE GORHAM 


Abstract 


Chlorophyll derivatives, sulphur, and carbon exhibit similar trends in each of 
two sediment cores, one from the fertile Esthwaite Water and the other from the 
unproductive Ennerdale Water. In Esthwaite Water maximum levels of all three 
constituents were reached early in the course of lake development, while in Enner- 
dale Water maxima were attained much later, and, in the case of chlorophyll 
derivatives and sulphur, were much lower than in Esthwaite. Relatively high 
optical densities of acetone extracts between 400 and 500 my suggest the pres- 
ence of carotenoids in surface muds from Esthwaite Water. Much lower optical 
densities were recorded for this wave-length range in extracts of deeper sediments 
from Esthwaite and all sediments from Ennerdale. Low ratios of optical density at 
410 my to density at 350 my are characteristic of surface sediments from in- 
fertile lakes such as Ennerdale Water, and of woodland soils. However, higher 
ratios near to those observed throughout the Esthwaite core were found in the 

eeper Ennerdale sediments, with the exception of the deepest sample. 

Ratios of chlorophyll derivatives to carbon and of sulphur to carbon were 
higher in the more fertile Esthwaite Water, although relatively low ratios during 
the earliest stages of development indicate that this lake may have been less 
fertile then. In Ennerdale Water the ratio of chlorophyll derivatives to carbon 
exhibited a much slower rise to maximum values than in Esthwaite, and these 
maxima were much the same as the early Esthwaite minima. The ratio of sulphur 
to carbon was also consistently lower in Ennerdale Water. 


Introduction 


Chlorophyll derivatives, sulphur, and carbon show marked intercorrelations 
in surface muds from five lakes in the English Lake District, and rise in con- 
centration with increasing lake fertility (2). The present study examines these 
constituents in sediment cores from two of the above lakes, one shallow and 
fertile (Esthwaite Water) and the other deep and unproductive (Ennerdale 
Water). Some physical and chemical properties of these lakes are given in an 
earlier paper (2). In Esthwaite Water the bottom waters become anaerobic in 
summer, while in Ennerdale Water oxygen concentrations remain high (5). 


Methods 


Sediment cores down to the glacial deposits were taken from the deepest 
parts of the lakes with the Mackereth core sampler (3), and stored in a cold 
room. Fresh samples taken at irregular intervals down the core were analyzed 
for chlorophyll derivatives within a few days. Dried samples were stored for 
carbon and sulphur measurements. The analytical methods have been. de- 
scribed (2). Relative concentrations of chlorophyll derivatives were estimated 
from the light absorption peak of 90% acetone extracts at about 667 my, and 
are reported in arbitrary units. One unit is equivalent to an optical density of 
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0.1 in a 1-cm cell when dissolved in 100 ml of solvent (cf. 8), after subtracting 
an approximate correction obtained by drawing a freehand baseline to the 
absorption curve between 550 and 750 my (cf. 6). 


Results 


Analytical results for the lake muds are presented in Fig. 1, on a dry weight 
basis. The first point to remark is the similarity of carbon concentrations in 
the upper muds of both lakes. Other cores from Esthwaite Water have shown 
up to twice the carbon concentrations of the present core, and Esthwaite 
surface muds are usually much richer in carbon than those of Ennerdale. 
Unfortunately it was not possible to analyze other cores before the author's 
departure from England, but the similarity of carbon values in these two cores 
accentuates the differences in their contents of sulphur and chlorophyll 
derivatives. 

While carbon, sulphur, and chlorophyll derivatives follow similar trends, 
the two lakes exhibit marked dissimilarities in profile distribution of these 
three constituents. In Esthwaite Water all show a rapid rise to maximum 
levels rather deep in the mud column, especially in the case of carbon. The 
maximum for carbon is 9.5% dry weight at 340 and 380 cm depth, for sulphur 
0.59% at 340 cm, and for chlorophyll derivatives 114 units per 100 g dry weight 
at 310 cm. In subsequent deposits a slight decline is evident in concentrations 
of all three constituents. In contrast to Esthwaite, maximum concentrations 
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Fic. 1. The distribution of carbon, chlorophyll derivatives, and sulphur in cores from 
Esthwaite Water (ES) and Ennerdale Water (EN). 
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are reached much more slowly in Ennerdale and occur in the upper half of 
the mud column. In this case the maximum for carbon is 11.6% dry weight 
at only 70 cm depth, for sulphur it is 0.32% at 250 cm, and for chlorophyll 
derivatives 38 units per 100 g dry weight at 178 cm. 

While carbon concentrations are generally similar in the upper parts of the 
two cores, that from the more fertile Esthwaite Water is much richer in both 
chlorophyll derivatives and sulphur. High levels of both these constituents, 
and high ratios to carbon, are associated with strongly reducing conditions 
(2), which are more likely to occur in the surface sediments and bottom waters 
of productive lakes such as Esthwaite Water than in those of infertile lakes 
like Ennerdale Water (5). 

Examination of the absorption spectra of 90% acetone extracts, from which 
amounts of chlorophyll derivatives were estimated, presents interesting 
problems. In Fig. 2 are shown spectra for a surface sample (0-5 cm) from 
Esthwaite Water, a core sample from 570 cm in the same lake, a surface 
sample (0-5 cm) from Ennerdale Water, and another core sample from 550 cm 
in the latter lake. All have been adjusted to give equal optical densities for 
the red peak between 665 and 670 my. The first spectrum is similar to 
others from samples taken at 0-1, 6-7, and 9-10 cm in Esthwaite Water, while 
the second is much the same as spectra from Esthwaite core samples at 250 
and 380 cm. The surface Ennerdale sample provides a spectrum only slightly 
different from those at 0-1 and 10-11 cm, while the spectrum of the deep 
sample closely resembles that of another sample at 300 cm, and yet another 
at only 16cm depth. The points of resemblance between these spectra and 
that of pheophytin a have been described in the earlier study of surface muds 
(2, cf. also 6). 

It is apparent that the surface Esthwaite spectrum shows much greater 
optical density in the region of 400-500 my than does the deeper spectrum. 
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Fic. 2. Absorption spectra of 90% acetone extracts of muds from different depths in 
Esthwaite Water and Ennerdale Water. 
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If the values for the deep core are subtracted from those of the surface mud 
(cf. 8), the difference curve exhibits a distinct maximum optical density at 
450 muy, and a shoulder at 470-480 muy, suggesting (cf. 7) that carotenoid 
pigments may be present in the surface deposit to a much greater degree than 
below. If so, it is impossible at present to state whether or not they were 
initially high in the sample at 570 cm depth, and destroyed during diagenesis; 
but the problem deserves further investigation. Neither surface nor deep 
Ennerdale samples show such high optical densities at 450-480 my as does the 
Esthwaite surface sample. Surface muds in Ennerdale are much better aerated 
than those of Esthwaite (5), so that carotenoids might be more liable to oxi- 
dative destruction in the former lake. 

Work on surface muds (2) suggested that the ratio of optical density at 
410 my to that at 350 my rises with increasing lake fertility. However, while 
surface samples from 0-1, 5-6, and 0-5 cm depth in Ennerdale yielded low 
ratios of 1.1, 0.8, and 0.9 respectively, the 18 samples from 16 cm downward in 
the Ennerdale core gave ratios ranging from 1.2 to 1.5, except for the deepest 
sample, which yielded a ratio of only 0.8. Esthwaite core ratios of 1.4, 1.4, 
1.6, 1.6, and 1.4 were recorded from 140-, 250-, 380-, 460-, and 570-cm depths 
respectively. The subsurface Ennerdale core ratios are therefore only slightly 
lower than those of Esthwaite, and they also fail to show any correlation with 
either carbon content or the amounts of chlorophyll derivatives in the mud. 
Possibly the high optical densities shown by extracts of Ennerdale surface mud 
at 350 my are due to substances produced by oxidation in the relatively 
aerobic uppermost deposits in this lake; and these substances might sub- 
sequently be reduced when further sedimentation has led to development of 
anaerobic conditions in the former surface layer. Spectra from extracts of 
aerobic woodland soils resemble those from surface Ennerdale muds in ex- 
hibiting high optical densities at 350 my, but are even more extreme in this 
respect (1). 


Discussion 


Calculation of the amounts of chlorophyll derivatives and of sulphur per 
unit of carbon reveals some points of interest, as shown in Fig. 3. Not only is 
the Esthwaite core richer than the Ennerdale core in absolute terms, but the 
ratios of both constituents to carbon (and therefore to total organic matter) 
are also higher in the more fertile Esthwaite Water. This is in accord with 
results from surface muds (2). 

For Ennerdale, Fig. 3 shows a gradual increase in the ratio of chlorophyll 
derivatives to carbon from the bottom of the core upward, to levels varying 
between about 3 and 5 units per g of carbon in the upper half of the core. 
If results from surface deposits in the five lakes previously studied (2) are any 
guide, this suggests a gradual increase in lake productivity. The ratio of 
sulphur to carbon is more constant, with sulphur ranging between 2.4 and 4.1% 
of carbon. The percentage is rather high toward the bottom of the core, and 
perhaps in these relatively inorganic sediments there may be a greater contri- 
bution from pulverized rock flour than in the upper and more organic muds. 
The minimum percentage of sulphur is found at 400 cm depth, above which 
levels tend to increase toward the surface. There is, however, a low value 
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Fic. 3. Chlorophyll derivatives and sulphur calculated per unit of carbon in cores from 
Esthwaite Water (ES) and Ennerdale Water (EN). Interrupted lines join thin sediment 
bands to continuous mud column. 


(2.7%) at 70 cm, where organic carbon is maximal; and at this depth the con- 
tent of chlorophyll derivatives in the organic matter also shows a marked drop 
(to 2.8 units per g carbon). 

In Esthwaite Water the content of chlorophyll derivatives per unit organic 
matter is lower in the two organic bands at the bottom of the core, and in the 
bottom sample from the continuous mud column, than in the muds above. 
However, the levels toward the bottom of the core are about the same as the 
maximum levels attained in Ennerdale Water, ranging from 4.6 to 5.6 units 
per g of carbon. This suggests that Esthwaite at its least productive may have 
been as fertile as Ennerdale at its best. A sharp rise occurs in subsequent 
Esthwaite deposits, to levels of about 10-13 units of chlorophyll derivatives 
per g of carbon throughout the top 3 m of the core. These values are similar 
to those obtained from six surface samples of distinctly higher organic content, 
whose carbon concentrations ranged from 11 to 13% dry weight. 

The lower concentrations of chlorophyll derivatives in the organic matter 
of the earliest deposits indicate that Esthwaite Water may have been less 
productive in its early than in its later stages of development. Even where 
carbon concentration reached 9.3% dry weight, at 420 cm, there were only 
5.5 units of chlorophyll derivatives per g of carbon. According to Mackereth 
(4), the exceptionally high levels of manganese toward the bottom of Esth- 
waite mud cores suggest that these early deposits did not become reduced 
right to the surface during summer, as they do at the present day; and this 
supports the view that the lake was less productive then. Further evidence 
comes from the deepest horizons of the continuous mud column, where sulphur 
also is low, being 4.3% of carbon at 420 cm depth, and 3.4% at 380 cm, in 
contrast with levels above 6% in the immediately succeeding deposits. A 
slight decline in sulphur concentrations occurred as sedimentation proceeded, 
to levels of about 5—6% of carbon in the uppermost muds. 

It may be noted that the thin organic bands in the glacial deposits of 
Esthwaite Water are relatively rich in sulphur, especially the upper one. 
While much of the sulphur in the mud column above is no doubt of organic 
origin, presumably a good deal of the sulphur in the thin mud bands has 
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migrated in along a negative redox gradient from the pulverized rock flour 
above and below. In the case of Esthwaite Water this rock flour must be 
largely derived from the sedimentary rocks of the drainage basin; Ennerdale 
Water, on the other hand, drains mainly igneous strata. In this connection, 
too, the upper material of the glacial deposit between the two organic bands is 
probably much less weathered than the lower, since the former effervesces with 
hydrochloric acid and therefore retains much of its original calcium carbonate 
(Mackereth, oral communication). Such an unweathered sedimentary rock 
flour might well contain appreciable amounts of sulphur, as suggested by the 
high concentrations recorded from the mud band in it. 


Concluding Remarks 


From the foregoing results, taken together with those from surface deposits 
(2), it would seem reasonable to conclude that high ratios of chlorophyll 
derivatives to carbon may indicate productive phases in the history of a lake, 
while low ratios reflect periods of relative infertility. If so, it is noteworthy 
that the more fertile lake, Esthwaite Water, developed rapidly toward a more 
or less steady level of high productivity, while the relative sterility of Ennerdale 
Water entailed a much slower development to its present low level of 
productivity. 
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THE EFFECT OF 3-AMINO-1,2,4-TRIAZOLE ON THE UPTAKE, 
RETENTION, DISTRIBUTION, AND UTILIZATION OF LABELLED 
PHOSPHORUS BY YOUNG BARLEY PLANTS' 


D. J. Wort? anp B. C. LouGHMAn?® 


Abstract 


Seedlings of barley were grown to the 3-leaf stage in phosphate-free nutrient 
solution and AT was added at such times that the roots were in contact with 100 
p.p.m. of the compound for 96, 48, 24, 4, 1, or 0 hours immediately prior to 
transfer to labelled phosphate solution for 1 hour. The plants were then returned 
to phosphate-free nutrient solution and harvested 1, 2, 4, 24, 48, and 96 hours 
after the start of the contact with radioactive solution. In an experiment designed 
to determine the effect on utilization of phosphate the immersion in AT was of 48 
hours’ duration. 

Exposure to AT diminished uptake of P® but also decreased the subsequent 
loss to the environment. The activity in both acid-soluble and acid-insoluble 
fractions of the root was reduced by treatment, but exposure to AT for up to 48 
hours increased the amount of P® translocated to the shoot. The proportion of the 
absorbed phosphate found in the shoots of treated plants was higher than in the 
controls. 

For 2 to 4 hours the incorporation of P® into both acid-insoluble (nucleic acids, 
phospholipids, phosphoprotein) and acid-soluble (nucleotides, sugar phosphates, 
inorganic phosphate) fractions showed little deviation from normal, but by the 
end of 24 hours AT treatment caused a decrease in the acid-insoluble fraction of 
both roots and shoots. The pattern of esterification was changed but little. 

Apparently the effect of AT on phosphate metabolism is not concerned with 
the reactions of oxidative phosphorylation or of glycolysis, but is confined to the 
processes involved in the incorporation of phosphate during the synthesis of 
nucleic acids. 


The compound 3-amino-1,2,4-triazole (AT), widely used as a herbicide and 
defoliant, affects a number of plant metabolic processes. The characteristic 
chlorosis consequent to the application of AT to a variety of plants has been 
shown to result from a reduction or lack of chloroplast formation (9). Sund (12) 
suggested that a blocking of riboflavin synthesis may account for the chloro- 
plast effects. His experimental results indicate that AT may also interfere with 
normal purine metabolism. 

AT application has increased the respiratory rates of Avena sections and 
cotton leaf disks (7), bean and wheat leaves (13), corn plants (6), and timothy 
seedlings (10). A drastic decrease in rate of photosynthesis by leaves of wheat 
and bean treated with AT has also been described (13). 

As shown by Pyfrom et al. (8), AT depresses catalase activity in barley and 
potato plants. Inhibition of algal phosphorylase by the chemical was demon- 
strated by Fredrick and Gentile (1). Polyphenol oxidase activity is lower in 
the chlorotic tissues of treated corn plants but cytochrome oxidase is not 
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affected (6). The addition of 10-* M AT to homogenates of Marquis spring 
wheat seedlings grown in the dark for 6 days resulted in an increased rate of 
oxidation of reduced cytochrome c (13). 

Herbert and Linck (2) have investigated the action of AT on the level of 
phosphorus (P) in Canada thistle (Cirsium arvense). Application of AT to leaf 
disks of P-deficient plants did not stimulate the rate of respiration as it did 
when applied to disks of plants receiving adequate P. When P* was applied to 
the foliage of P-deficient plants, the uptake was greatly reduced if the plants 
had been treated with AT. 

An analysis of the various effects of AT application suggests that they may 
indeed stem, in part, from an altered P economy that extends from intake of 
P by the plant, through nucleotide and phosphate ester formation to the 
synthesis of protein. The present paper describes an attempt to discover the 
influence of AT, taken in through the roots of young barley plants on (1) the 
uptake of P from nutrient solution, (2) the ability of the plant to prevent the 
subsequent loss of the absorbed P to nutrient solution, (3) the distribution of 
the absorbed P between the roots and leaves of the plant, and (4) the incorpora- 
tion of the P into the acid-insoluble form (nucleic acids, phosphoproteins, and 
phospholipids) and three major fractions of the acid-soluble compounds of this 
element—nucleotides, sugar phosphates, and inorganic phosphates. 


Methods 


Experiment 1: Absorption, Retention, and Distribution of P** Between Root and 
Shoot 

Twelve seedlings of barley (var. Proctor) were grown in each of 18 poly- 
styrene tanks containing continuously aerated phosphate-free culture solution 
(11). Fifteen days after germination (early three-leaf stage) AT was added to 
the culture solution of groups of three tanks at such times that the roots of the 
various groups of plants were exposed to the AT for 96, 48, 24, 4, 1, or 0 hours 
prior to transfer of the plants to labelled phosphate solution. The concentration 
of AT in the tanks was 100 p.p.m. 

At midday, the roots of the plants were quickly and thoroughly rinsed in 
demineralized water and all were simultaneously immersed in fresh culture 
solution to which had been added KH2PO, and KH2P*Q, to give a concentra- 
tion of 10-' M phosphate at pH 5.5 and an activity of 18 uc P® per tank of 800 
ml culture solution. After an exposure of 1 hour to the solution containing P® 
all plants were returned, after the roots were rinsed in demineralized water, to 
fresh phosphate-free culture solution. 

Three pairs of plants were removed from each of the groups which had 
received the various AT treatments 1, 2, 4, 24, 48, and 96 hours after the start 
of the contact with P*. The plants were quickly divided into roots and shoots 
and placed in a 105° C oven to dry to constant weight. After drying, the roots 
and the shoots of the pairs of plants were weighed and wet ashed with a 
mixture of 2.2 ml 60% perchloric acid and 0.5 ml nitric acid (S.G. 1.42). The 
digest was made up to 10 ml with water and counting was done in a 20th 
Century Electronics M 6 liquid counter. 

In effect, therefore, plants whose roots had been in contact with 100 p.p.m. 
AT for 96, 48, 24, 4, 1, or 0 hours were simultaneously placed in the P®” solution, 
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allowed to absorb phosphate for 1 hour, returned to P-free culture solution, and 
then 1, 2, 4, 24, 48, and 96 hours after the start of contact with P* three groups 
of two plants from each of the six AT treatments were harvested for counting. 
The values included in the figures and table are the averages of these three 
replicates. 


Experiment 2: The Distribution of P® in Various Phosphorus Compounds 

Barley seedlings were grown in phosphate-free nutrient solution as before. 
When the plants were 13 days old and at the three-leaf stage AT was added 
to the nutrient solution in half of the tanks to give a concentration of 100 p.p.m. 
Forty-eight hours later all the plants were transferred to nutrient solution 
containing 110-5 M phosphate, as in the first experiment, but with an 
activity of 80 uc P*® per 800 ml nutrient solution. At the end of 1 hour contact 
with the P* the plants were transferred to fresh phosphate-free nutrient. Two 
groups of 12 plants were removed from the AT-treated and from the control 
lots 1, 2, 4, and 24 hours after the start of P® absorption, for extraction of 
phosphorus compounds. 


Extraction 

The methods used for the extraction of compounds of phosphorus from the 
plant tissue were modifications of the procedures of Loughman and Martin (3). 
The two groups of 12 plants from the AT-treated and control groups were 
quickly divided into roots and shoots. These parts, cut into short pieces, were 
immersed in 12 ml of ice-cold 16% trichloracetic acid (TCA) in chilled mortars, 
causing an immediate cessation of metabolic activity. Grinding was continued 
for 5 minutes. The insoluble material was removed by centrifugation in chilled 
tubes for 7 minutes at 3750 r.p.m. The supernatant solution was decanted and 
the debris re-extracted with 5 ml of ice-cold 5% TCA and centrifuged as above. 
The supernatant solutions were combined and made up to 25 ml with water. A 
sample of this solution, containing nucleotides, sugar phosphates, and inorganic 
phosphate, was used for counting in an M6 liquid counter. 

The TCA was removed from a 10-ml sample of the acid-soluble solutions by a 
3-hour ether extraction in a continuous liquid-liquid extraction system, giving 
a final pH of 3.5. Any material precipitated during this extraction was removed 
by centrifugation. The low pH insured that coprecipitation of phosphorus 
compounds would be minimal. 

The TCA-free solution was used in the paper chromatographic separation of 
the main groups of the acid-soluble components. The solid cell material, 
containing nucleic acids, phosphoproteins, and phospholipids, was transferred 
to Kjeldahl flasks and digested in perchloric—nitric acid (5.0 ml + 5.0 ml). 
After cooling, the digest was made up to 25 ml with water and counted in an 
M6 liquid counter. 


Separation by Paper Chromatography 

Apart from small modifications, the method of Loughman and Martin (3) 
was employed in the chromatographic separation of the acid-soluble phosphate 
groups. The solvent used was tert-butanol (80 ml)/water (20 ml) /picric acid 
(2.0 g). Two-milliliter samples were reduced in volume and spotted on acid- 
washed 3 MM Whatman paper. The chromatogram strips were passed through 
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an automatic recording scanner to measure and record peaks of activity, and 
autoradiographs were then prepared. 

The autoradiographs and records were used in the division of the chromato- 
gram strips into segments containing nucleotides, sugar phosphates, and 
inorganic phosphate. The segments were wet ashed in Kjeldahl flasks using 
perchloric acid and nitric acid (2.2 ml + 2.0 ml). The digests were made up to 
10 ml and the counting carried out in an M6 liquid counter. 

For further characterization of the nucleotides and sugar phosphates 
additional chromatograms were run and these fractions eluted from strip 
segments with water. The solutions were transferred to washed Whatman 3 
MM filter paper and separated by the use of u-propanol (16 ml)/0.880 
ammonia (30 ml)/water (10 ml) as solvent. One-hundred-microgram quantities 
of versene were applied to the spots on the paper to improve the running in the 
alkaline solvent. Autoradiographs and scanner records were made of these 
chromatograms. 

The actual phosphorus content of the roots and shoots was not determined, 
but the relative activities of the parts were considered to indicate the relative 
intake of phosphorus by the roots and its distribution throughout the plant. 
Treatment with AT was found to have little effect on the distribution of phos- 
phate already present in the plant at the time of treatment. Loss of labelled 
phosphate from the roots to the nutrient solution was followed by assay of the 
solution at the times of harvest. 

In the text below the abbreviations 1-hr, 4-hr, 24-hr, and 96-hr are used to 
indicate those barley plants whose contact with the 100 p.p.m. AT solution 
was of the designated duration. 


Results 


The appearance of the barley plants at the conclusion of the experiment was: 
96-hr, practically devoid of green color, little living tissue evident, no growth; 
48-hr, distal two-thirds of the leaves brown, rest faded green, little growth; 
24-hr, similar to 48-hr, but less fading of chlorophyll; 4-hr, lighter green than 
controls, leaves somewhat curved, chlorophyll breakdown in longitudinal 
streaks; 1-hr, distal one-third of leaves showing chlorophyll breakdown in 
streaks. Whereas the control plants increased their dry weight steadily during 
the course of the experiment, growth of the plants to AT for the longer periods 
was curtailed and completely prevented by the 96-hour contact with the 
chemical. 


Intake of P® and Subsequent Loss to the Nutrient Solution 

The content of P*®, as activity per plant, expressed as millimicrocuries 
(myc), is given in Fig. 1. In all cases except for the 1-hour contact with AT, 
exposure of the roots to the compound resulted in a diminution of phosphate 
uptake. The decrease in absorption became greater as the length of exposure to 
AT increased. At the conclusion of the 1-hour absorption period in the second 
experiment the total activity of control and treated plants was 920.4 and 841.8 
muc per plant respectively. In this case AT treatment reduced intake by 8.5% 
(Table I). 


Outward movement of the P*? (which had been absorbed during the 1-hour 
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and contact with the nutrient solution containing phosphate) from the roots into 
the final nutrient solution lacking phosphate occurred from all plants. It was 
ato- most rapid during the 3-hour period immediately after removal from the P* 
and solution (Fig. 1). The actual amount of P*® lost to the solution was greatest 
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The effect of AT to decrease the intake of P** and to enhance the ability of 
the plant to retain the absorbed P® is evident from these two sets of figures. 


Distribution of P®* in Roots and Shoots 

Roots 

The highest activity in the roots of all plants was found at the end of the 
1-hour exposure to P® (Fig. 2). This decreased rapidly for the first 3 hours 
after the plants were removed from the phosphate solution. Almost all of the 
P® which left the root during this period was translocated into the shoot. 
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Fic. 2. The effect of AT on the subsequent uptake of phosphate by the roots of whole 
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Duration of treatment with AT prior to phosphate absorption: 
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Shoots 

The shoots of control and 1-hour plants had the greatest P® content at the 
end of the 1-hour exposure to phosphate (Fig. 3). In the case of the 2-, 4-, 24-, 
and 48-hour plants the activity at this time was below that of control, but the 
P® continued to move out of the roots into the leaves of these treated plants 
during the duration of the experiment. Ninety-six hours after the first contact 
with P* the activity in the shoots, as muc per plant, and this activity expressed 
as percentage of the total activity in the plant were: 


control 71.7 mpc 18.3%, 
1-hour 738. 23. 
4-hour sgaso.. 30.7, 

24-hour 1136. “* 52.0, 

48-hour 131.6. “ 56.2, 

96-hour 66.6 Bul. 
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The activity in the shoots of the 96-hour plants was less than that in control 
shoots throughout the experiment (Fig. 4). 

There was a marked increase in the amount of P*® translocated to the shoots 
of AT-treated barley in the second experiment also. This was evident at the 
end of the 1-hour period of P® absorption. Twenty-four hours after the start 
of exposure to P® the values were 139.3 and 350.1 myc per plant for the control 
and treated plants respectively. The enhanced activity was in both acid- 
insoluble and acid-soluble fractions. 

Treatment of barley plants with 100 p.p.m. AT up to 48 hours increased the 
actual amount of P® that moved into the shoots, compared with untreated 
plants. In all cases the percentage P® in the shoot of treated plants, relative 
to the activity in the entire plant, was also increased over that of control plants. 


AT TREATED 








|Nucleotides] Sugar | inorganic . 
Phosphates phosphate 


CONTROL 





Fic. 5. The effect of AT on the distribution of acid-soluble phosphorus in shoots of 
barley plants 1 hour after immersion of the roots in 10-' M KH2P®Q,. 


The Distribution of P** among Phosphorus Compounds 

The expression of the P** content of the acid-insoluble (nucleic acids, phos- 
pholipids, phosphoproteins) and acid-soluble (nucleotides, sugar phosphates, 
inorganic phosphates) fractions in the roots and in the stems as percentages of 
the total P** content of these organs revealed that treatment resulted in no 
essential change in distribution of P* between these two fractions for 2 hours 
in the roots and for 4 hours in the shoots (Table 1). With time thereafter, 
though an increasing percentage of P* was incorporated into the acid-insoluble 
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fraction in all plants, those to which AT had been applied contained less acid- 
insoluble phosphorus. At the 24th hour 74% of the P*® in the roots of control 
plants was in the acid-insoluble form but only 57% had been so fixed in AT- 
treated barley. The corresponding figures in the shoots were 59 and 41%. The 
figures show that AT-treatment resulted in a decrease in acid-insoluble fraction 
formation of 21.6 and 30.5% in root and shoot respectively. 

The pattern of phosphorylation in both roots and shoots as revealed by the 
separation of the acid-soluble fraction into its three main components followed 
by elution and counting was found to be changed but little when the P*® 
contents were expressed as percentages of the total acid-soluble P*. Figure 6 
shows the close similarity between the tracings of the acid-soluble chromato- 
gram strips of the roots of control and treated plants prepared 1 and 4 hours 
after the start of P® absorption. Changes in the glucose-6-phosphate and 
fructose-6-phosphate peaks with time are also similar in the roots and in the 
shoots of all the plants. 

The scanner records and autoradiographs of the chromatogram strips of the 
nucleotides and sugar phosphates further separated by the propanol/ammonia 
solvent also indicated that the pattern of phosphorylation was unchanged by 
contact with AT. The effect of AT treatment within the time of the experiment 
was on the metabolism of one or more of nucleic acids, phosphoproteins, and 
phospholipids rather than on the earlier phosphorylative steps. 


Discussion 


The presence of AT in barley plants caused a reduction in their ability to take 
up phosphate and this reduction was a function of the length of exposure to the 
compound. The subsequent loss of phosphate to the nutrient solution, which 
occurred when the plants were returned to a phosphate-free environment, was 
also decreased by AT treatment. This loss from the plants continued at a 
relatively rapid rate for a period of 3 hours and represented up to one-third of 
the phosphorus absorbed. The stable levels of P** content were correlated with 
length of AT treatment. It seems reasonable to assume that, while the rapid 
initial loss might have been a diffusion phenomenon, the differential control 
of outward movement over the balance of the 96-hour period was associated 
with metabolism. 

The content of phosphate in the barley seed is usually sufficient to supply 
the needs of the seedling for at least 15 days and since there were no visible 
signs of phosphorus deficiency in the barley plants at the time of AT application 
to the roots, it would appear that, unlike the situation reported by Herbert and 
Linck (2), where P*® and AT were applied to the foliage of Canada thistle, 
phosphate deficiency is not a prerequisite for AT inhibition of P*®? uptake by the 
roots of young barley seedlings. The P*® content of the roots fell in all treat- 
ments whereas in the shoots the activity of only the control and 1-hour 
treatment decreased from the initial value. An exposure to AT of over 4 hours’ 
duration caused a marked increase in the transport of phosphate from the root 
to the shoot. The steady rise in the P* content of the shoots under these con- 
ditions is very different from the fluctuating amounts found in the controls. 
This suggests an AT inhibition of the normal downward translocation of 
phosphorus compounds. The 96-hour treatment with AT was the only one 
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which completely prevented growth and caused the P® in the shoot to fall 
below that of the controls. The shoot content represented over two-thirds of 
the total phosphate absorbed. 

The translocation of absorbed phosphate to the shoots was obviously stimu- 
lated by the presence of AT, a conclusion borne out by the second experiment 
where the effect was even more pronounced. Under the conditions of the second 
experiment the 48-hour treatment with AT caused a sixfold increase in the 
proportion of phosphate transported to the shoot during the 1-hour absorption 
period and at the end of the ensuing 24-hour period this difference was still 
approximately threefold, i.e. 24% in the controls and 68% in the treated plants. 

Although a marked increase in the amount of P® in the shoot occurred, its 
distribution between the acid-soluble and acid-insoluble fraction was unaffected 
for 2 to 4 hours. The distribution of phosphate within the components of the 
soluble fraction was almost unchanged. The concentration of phosphate in the 
roots was affected by AT in a manner which suggests a correlation with the 
rapid conduction to the shoot. The transfer of phosphate to the fraction con- 
taining nucleic acid, phosphoprotein, and phospholipid was considerably 
reduced by AT and this may well have resulted in a diversion of the balance 
of phosphate to the system responsible for upward movement. It has been 
shown (5) that a number of metabolic inhibitors, while decreasing total uptake, 
cause an increased transfer of phosphate to the shoot and in this latter respect 
they resemble AT. 

More detailed examination of the acid-soluble fraction revealed the interest- 
ing fact that the pattern of phosphorylation was virtually unaffected by 
treatment with AT. In this respect the effect of AT differs from that of 
2,4-dinitrophenol (DNP) and iodoacetate. Whether the latter compounds 
uncouple phosphorylation from oxidative metabolism, e.g. DN P (5), or whether 
the effect is at substrate level as in the case of iodoacetate (4), great differences 
are seen in the phosphorylative pattern within the tissue. DNP drastically 
reduces the incorporation of phosphate into the nucleotide fraction, but has 
virtually no effect on the proportion of the absorbed phosphate entering the 
nucleic acid fraction. 

It appears that the effect of AT on phosphorus metabolism is not concerned 
with oxidative phosphorylation or with the normal glycolytic pathway, but is 
confined to the processes involved in the incorporation of phosphate into the 
components of the acid-insoluble fraction (nucleic acids, phosphoproteins, 
phospholipids). The intimate connection between nucleic acid synthesis and 
protein formation in living tissues suggests the possibility that a major effect 
of AT in plant metabolism could be interference with normal synthesis of 
protein. An altered phospholipid metabolism might have profound effects upon 
chloroplast structure. 

It has been reported that AT applied to leaves inhibits the development of 
plastids and causes a reduction in chlorophyll synthesis (8). The esterification 
pattern in the leaves of normal plants reflects the presence of both oxidative 
and photosynthetic phosphorylation. The fact that the utilization of phosphate 
in the leaves of both control and treated plants is identical suggests that the 
portion of the photosynthetic mechanism associated with incorporation of 
inorganic phosphate into organic forms is in no way affected by AT. 
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LYCOPERDON IN EASTERN CANADA WITH SPECIAL REFERENCE 
TO THE OTTAWA DISTRICT! 


CONSTANCE A. BOWERMAN 


Abstract 


Twenty-one species of the genus Lycoperdon have been described, one of which 
is a new species, L. flavotinctum. Eighteen species have been found in the Ottawa 
area while the remaining three could be expected to occur. 


Introduction 


Although the Gasteromycetes have been studied more or less intensively 
in the United States by several authors including Morgan (1891), Coker and 
Couch (1928), Kambly and Lee (1936), Smith (1951), and others, very little 
has been published with reference to their occurrence in Canada. Accordingly 
a study of the Gasteromycetes of the Ottawa District was undertaken. This 
includes the area within a 30-mi radius from Ottawa, and the species occurring 
here are probably representative of eastern Canada in general. Species of the 
genus Lycoperdon proved to be the most common members of this group and 
this paper presents a summary of the Lycoperdon species found in this area. 

Preliminary studies indicated that about six species occurred here but 
with more intensive collecting the number has been increased to 18, of which 
one is described as new. Three other species which might be expected to 
occur here have also been included. L. echinatum Pers. has been found in 
more northerly areas as well as farther south, and L. floccosum Lloyd and an 
immature specimen of L. pulcherrimum B. & C. have been found near 
Kingston, Ontario. 

In the nomenclature, an effort has been made to follow the International 
Code and in this respect the work of Perdeck (1950), who recently studied 
the specimens in the Persoon Herbarium, has been invaluable. 

The species of Lycoperdon can readily be divided into two groups, the 
first, the smaller of the two, consisting of those species with a purplish-brown 
gleba at maturity and distinctly rough spores at a magnification of 440, 
the second consisting of those species with an olive-brown gleba at maturity 
and smooth or slightly rough spores at a magnification of 440. Occasionally 
some species of the second group may also show a purplish cast if the fruit 
bodies are old and weather beaten; therefore both characteristics should be 
noted in separating the two groups. Within these groups the characters of the 
cortex and spores are used to distinguish the species. 


Lycoperdon Pers. 


Basidiocarp small to medium-sized, 1-10 cm in diameter, permanently 
attached to the substratum, globose, depressed-globose, obovoid, pyriform 


‘Manuscript received November 15, 1960. 
Contribution No. 113 from the Plant Research Institute, Research Branch, Canada Depart- 
ment of Agriculture, Ottawa, Ontario. 


Can. J. Botany. Vol. 39 (1961) 
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to turbinate, some sessile and some with a distinct stalk; cortex, which usually 
falls off at maturity, consisting of warts, spines, scales, and granules; inner 
peridium thin, membranous, surface usually smooth or with distinct markings, 
opening by a distinct apical pore; gleba white at first but becoming yellowish 
to olive-brown or purple-brown at maturity; subgleba usually present, cellular 
or compact; capillitium of long threads, slender, simple or branched, thickness 
of threads similar to that of spores, branches tapering; spores small, globose, 
rarely oval or elliptic, smooth, spiny or warted, sessile or with a minute 
pedicel. 

This genus is distinguished from Calvatia by the presence of an apical pore, 
and from Bovista by the firm attachment of the fruiting body to the substrate. 

The fruit bodies are found mostly on the ground on earth or on rotten wood, 
occasionally among moss or on the bark of living trees. The basidiocarps 
range in size from very small up to about 4-5 cm, occasionally up to 6 cm 
in diameter or height. They may be found growing in large groups as in L. 
pyriforme Pers. but more commonly occur singly, or two or three may form a 
small cluster. 


KEY TO THE SPECIES 


1. Gleba with a purplish cast at maturity; spores distinctly rough at a magnification of 440. .2 
1. Gleba olive-brown at maturity; spores smooth or slightly rough at a magnification of 440.9 


2. Cortex felty, becoming rimose at maturity; spores warty, 5.5-7.5m in diameter. 
L. rimul latt im 


2. Cortex otherwise...... j ; ar . ere. 
3. Cortex composed of long slender spines 4 
3. Cortex composed of small spines or w arts, or of spines and granules... ree 
1, Spines pale at maturity and, on falling off, leave the peridium smooth. .Z. pu/cherrimum 
+. Spines dark-colored at maturity and on falling off leave the peridium reticulate. . . ‘ 
eee Se eer eee 
5. Cortex appearing granular. . ere ee 
5. Cortex otherwise. . ore 
6. Cortex of small persistent granules; spores 5.5-6u (including spines).......Z. glabellum 
6. Cortex of granules and small spines; spores 6.5—8y (including spines).... L. delicatum 
7. Spores rough at a magnification of 440 } a Aah oe 8 
7. Spores smooth at a magnification of 440; cortex of dark-colored short s pines, or spines 
and granules; spores 4—-5y in diameter. aE re ie Oe ee ee L. umbrinum 


8. Cortex a flocculent covering of spines and warts; spores 5.5-6y (including onpee: 
slo deat di de : floccosum 
8. Cortex of brownish to w vhite, slender spines and granules; spore s 5 Ou (incluc he spines) 


eet aS eee ys P Sate e ak are Ee wigcle hehe saben L. molle 

9. Subg died baleceans ee ee eT 
9. Subgleba absent....... ee Pee Ae eee re ..19 
10. Subgleba cellular........ : . : ; : cea By 
10. Subgleba compact...... ; : aR GP ar arte 18 
11. Cortex composed of distinct spines or warts..... wy — 12 
11. Cortex composed of granules, or small spines and granule: “ee ; Hy rartad ene ace a 
12. Basidiocarp white or cream at maturity.................ccee cece avila Secceoee 13 
12. Basidiocarp cream to olive-brown at maturity. a alipraubra saber secscoonie wis 14 
13. Warts flaking off in groups revealing a dark inner PS a Cc .pillitium yellow-brown 
eae at aca a hcg AiG, BIAS oy By gE pte! PSK a, buh Scope We ale SPMD LATS Veneald a overs ts a tel eed L. candidum 


13. Spines or warts falling off rev ~vealing a pz ler inner peridium; capillitium hyaline. . LZ. curtisti 


14. Spores POGCeate, GUMIOMORE CO OVAL... . onc ecc ei secede sas ectecce L. pedicellatum 
14. Spores without pedicels, globose..............%..... ey ee eee Ce a L. perlatum 
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15. Basidiocarp cream to olive-brown at maturity.................... 0.005. eit) 5 
15. Basidiocarp reddish brown at maturity................... Bist) eas ac Sinan ac ae 
16. Cortex composed of granules with a few small spines or of simple spines, spores 44.5 
Sk COO Sra iw cme gm +s 5. bedouweewee ous nee _L. muscorum 
16. Cortex composed of floccose granules at first, becoming aggregated to form s — ill spinulose 
granules; spores 4—5y in diameter....................005- : L. spadiceum 
16. Cortex composed of pale brownish, minute spines convergent at their tips, or of separate 
spines and granules; spores 4-4. err po ee ee L. flavotinctum 


17. Spores smooth, 3.54; surface of fruiting body rough to the touch like a file. .L. pyriforme 
17. Spores spiny, 4-5y; surface of fruiting body becoming pitted at maturity... .. 
ND et re oo ee ee hd EH Re AE La eed a Ie L. subincarnatum 
18. Basidiocarp usually yellowish with small floccose warts or granules; spores 4-4.5u in 
OO 5.5.5 oie ns 5d ofeach Set ings,» ARE + ook ale Maen eat L. coloratum 
18. Basidiocarp brownish olive with granules and warts or spines; — 3.5-5m in diameter 
fg 85.6 Biers ame ale MRIOLS. A, bd aA. 4A Ace Ae Ee OER 2 le aie eA ..L. ericetorum 


19. Basidiocarp up to 1 cm high, spores smooth, 3.5-4.5u in diameter.......L. acuminatum 
19. Basidiocarp up to 2 cm in diameter, spores smooth to minutely spiny, 4-5 in diameter 
dul rn ane acd Si nage pes ae YS Eutob hale See eee. Sab CeaN a ...L. pusillum 


Lycoperdon acuminatum (Bosc.) Fries, Novae symbolae 118. 1851. 

Basidiocarp small, 8 mm broad anal 10 mm high, obovoid at maturity, with 
a small fibrous root, somewhat plicate at the base; drab (R),? opening by a 
prominent apical pore with a lobed edge; cortex composed of whitish, floccose 
granules and furfuraceous material which gradually wears away revealing 
the darker (Saccardo’s umber (R)), shiny, almost smooth, inner peridium; 
gleba olive-brown; subgleba absent: capillitium pale yellowish brown with 
distinct, but thin walls containing a few minute pits, only occasionally 
branched, tapering and slightly sinuous, 2.5-5 (6.5) wu in diameter; spores 
globose, concolorous with the capillitium, usually with a: minute pedicel, 
3.5-4.5 in diameter, appearing smooth but at a magnification of 950, seeming 
to be surrounded by a hyaline envelope into which some very minute spines 
project. 


Habitat: Among moss in an open field. 


Specimens examined: DAOM 50008, Merivale Road, Ont.; BPI, Lloyd 
30566. 


Only a single specimen of L. acuminatum has been collected in this area. 
The species is distinguished by its extremely small size and obovoid shape, by 
the absence of a subgleba, and by the spores, which seem to be very minutely 
spiny at a magnification of 950. L. acuminatum has previously been reported 
as occurring on moss-covered bark of living trees at a height of 4-15 ft, on old 
mossy logs or mossy bases of living trees, but even though this specimen was 
found in moss in an open field its characteristics were unmistakable. 

A collection of this species (Lloyd 30566) was examined in the Lloyd 
Herbarium which had been collected by A. P. Morgan at Preston, Ohio, and 
determined by C. G. Lloyd. The fruit bodies in this collection were found to 
agree both macroscopically and microscopically with our specimen except for 
the brighter color of the gleba in Lloyd’s fruit bodies, but this could well be 
due to a difference in maturity. The capillitium was found to be 3.5-5.0 


2Colors are from Ridgway, R. Color standards and nomenclature. Washington. 1912, 
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(5.5) w in diameter, rarely branched, thin-walled with minute pits, while the 
spores were found to be 3.5—4.5 uw in diameter, globose with a minute pedicel, 
smooth to faintly dotted or minutely spiny at a magnification of 950. 


Lycoperdon candidum Pers., Syn. Fung. p. 146. 1801. non L. candidum (Rostk.) 
Bon. 1888. (Fig. 2). 


Lycoperdon cruciatum Rostk., in Sturm, Deutschl. FI. 3: fasc. 18, p. 19. 1839. 
Lycoperdon marginatum Vitt., Mon. Lyc. p. 41. 1842. 

Lycoperdon calvescens Berk. & Curt., Grevillea, 2: 50. 1873. 

Lycoperdon separans Peck, Ann. Rep. N.Y. State Museum 26: 73. 1874. 
Lycoperdon papillatum Schaeff. ex Hollos, Gastr. Ung. p. 108. 1904. 


Basidiocarp 1.0—4.5 cm broad, 1.0-2.8 cm high, usually broader than tall, 
globose to subglobose at first but becoming very much depressed, plicate on 
the under side, narrowing abruptly to a point of attachment which usually 
extends to a basal rhizomorph; cortex white, composed of either coarse warts 
with sharp tips or of compound warts with the tips convergent, warts 1-2 mm 
long above, smaller and thinner downward, falling off above in groups, rarely 
singly, exposing a velvety-tomentose to furfuraceous, buffy brown (R) to 
olive-brown (R) layer which may appear reticulate; cortex persistent below, 
but usually becoming discolored; tomentose layer gradually wearing away 
revealing the paler, shiny, inner peridium; apical pore formed after the 
exoperidium has fallen off, up to 5 mm in diameter; gleba white at first, 
changing to yellow and finally buffy olive (R) to olive-brown (R); subgleba 
white at first, changing to olive-brown at maturity, occupying the basal portion 
or up to one-half of the basidiocarp extending up the sides and sharply 
separated from the gleba, chambered; capillitium, when mature, a medium 
yellow-brown color, with distinct darker-colored walls up to 0.8 uw thick, 
occasionally pitted, sinuous in the thinner portions, irregular thickenings along 
the edge, branched, occasionally septate, tapering both gradually and abruptly, 
variable in diameter (1.6) 3.5—-5.0 (8) uw in diameter; spores globose, slightly 
lighter in color than the capillitium, some with small pieces of pedicels attached, 
smooth or slightly rough under oil, surrounded by a thin, hyaline envelope, 
pieces of hyaline pedicels mixed with the spores, 3.5—4.0 wu in diameter. 


Habitat: on sandy ground in woods or in pastures. June—October. 


Specimens examined in DAOM: 27419, 27443, 27452, 27453, 27972, 29450, 
29459, 29491, 45090, Bell’s Corners, Ont.; 22187, Constance Bay, Ont.; F 9562, 
Horse Shoe Bay, Ont.; 22168, Fitzroy Harbour, Ont.; 29479, Kingston, Ont.; 
22140, Lake Opinicon, Ont.; 27405, 27447, 27979, 29483, Merivale, Ont.; 
27432, North Gower, Ont.; 22239, Petawawa Forest Experiment Station, Ont.; 
7797, Port Alexander, Ont.; 16772, Eardley, Que.; 26405, Sand Bay, Que.; 
7791, Digby, N.S.; 39420, Kentville, N.S.; 27397, Devereux Lake, Mich., 





Fic. 1. Lycoperdon coloratum, 1.3 approx. Fig. 2. L. candidum, X2 approx. Fig. 3. L. 
curtisit, X1.3 approx. Fig. 4. L. flavotinctum, 1.3 approx. Fig. 5. L. molle, 1.3 approx. 
Fig. 6. L. umbrinum, X1.3 approx. Fig. 7. L. pyriforme, X1 approx. Fig. 8. L. pusillum, 
1.5 approx. Fig. 9. L. subincarnatum, X1.3 approx. Fig. 10. L. pedicellatum, X1.3 approx. 
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U.S.A. ; 24743, Ithaca, Mich., U.S.A.; 26790, Idaho Co., Idaho, U.S.A. (Wm. 
Bridge Cooke) ; 24831 ex FH Richmond, Virginia, U.S.A. 


L. candidum Pers. is a common species in the Ottawa area and is found on 
the ground, usually in open places. It is readily recognized by the coarse white 
warts which soon fall off in patches, revealing a dark, tomentose to furfuraceous 
layer which, in turn, wears away gradually to expose the paler, shiny inner 
peridium. The spores are mixed with pieces of hyaline pedicels and are globose, 
smooth, or slightly roughened due to the presence of extremely small spines, 
which can barely be seen at a magnification of 950. 

The immature stages of L. candidum and L. curtisii Berk. are similar in 
appearance and could be confused macroscopically. However, L. candidum is 
usually of a larger size and lacks the hyaline or almost hyaline capillitium and 
smaller, 3—3.5 uw, echinate spores of L. curtisit. 

This species has been commonly known as L. marginatum Vitt. and less 
commonly as L. cruciatum Rostk. in North America, but according to Perdeck 
(1950), these names are synonyms of L. candidum Pers. Our collections seemed 
to fit the description Perdeck made from Persoon’s material except no mention 
was made in his description of any roughness on the mature spores or of 
pieces of hyaline pedicels mixed with the spores. A slide from the type of 
L. candidum Pers. (HLB 910, 258-497) was examined and the spores appeared 
to be immature and were found to be smooth, globose to subglobose or pyri- 
form, 2.5—3.5 wu in diameter with long pedicels still attached to the spores. The 
characteristics of the spores from this slide did not seem to agree with those 
described by Perdeck, which were said to be ‘3.5-4u in diam. globose, 
smooth;’’. 

However, through correspondence with Perdeck and Maas Geesteranus, 
the following information concerning the type specimen was obtained. 
“1. The fine preservation of the exoperidium of the fungus suggests a juvenile 
specimen. 2. The great majority of the spores was found in an early stage of 
development, medium sized spores were few, mature spores very few. 3. The 
mature spores cannot be considered impurities from alien source, since several 
intergradations were found. 4. Immature spores, seen in lactophenol, are pale 
yellow, globose to pyriform, perfectly smooth, with short to very long pedicels 
(up to 7 and 9), sometimes also without a pedicel, measuring 2.7—3.6 wu. 
Intermediate spores 3.6—4.5 uw, are of the same color, possess a short pedicel 
or none at all, whereas in some of them the spore wall starts to develop tiny 
spines. Mature spores cinnamon colored, globose, 4.5-5.4 uw (1.5—2 w less if 
the spines are not counted), (as far as seen) devoid of pedicel, minutely warty 
with spiny excrescences.’’ Therefore according to Perdeck and Maas Geest- 
eranus ‘1. pedicels do occur, though in immature spores only; 2. mature 
spores are minutely warty, not smooth”’. It is evident that the slide from the 
type material contained immature spores which agree with the characteristics 
of the immature spores given above. Since the Persoon material is immature, 
there would be few, if any, pieces of hyaline pedicels in the mounts and these 
could be easily overlooked. The pedicels on the immature spores are certainly 
long enough and of the correct width to account for the presence of pedicels 
in the mounts of mature spores in our collections. 
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The characteristics of the spore wall still seem to differ from those of the 
type, as our mature spores are only very minutely spiny and are surrounded 
by a hyaline envelope which is about as thick as the length of spines in the 
type. In the Canadian collections, when other characteristics have been the 
same, the spores examined at a magnification of 950 were found to be perfectly 
smooth in some, minutely warty in others, or both smooth and minutely 
warty in still others. The variable character of the spore wall in this species 
thus appears to be a result of its very slow development to full maturity. 
Lohman (1927) described the spores as smooth, but found some specimens 
with rough spores, almost echinulate, which he placed in L. separans. Smith 
(1951) found the walls of the spores in L. marginatum to be minutely punctate 
from pores in the walls, while Coker and Couch (1928), Kambly and Lee 
(1936), and Hollos (1904) state that the spores are smooth. 

In spite of the difference of opinion and uncertainty concerning the character 
of the spore wall, I feel that our species is best disposed as L. candidum Pers. 


Lycoperdon coloratum Peck, N.Y. State Mus. Rep. 29:46. 1878. (Fig. 1) 

Basidiocarp subglobose or obovate, 9-17 mm high and 8.5-17 mm broad, 
with a white, slender, cord-like root attaching it to the substratum, ochraceous 
buff (R) to cinnamon buff (R) to tawny olive (R) at first, but darkening to 
buffy brown (R) above with the paler colors at the base; cortex composed of 
small floccose warts or granules which become aggregated into small groups 
which wear away revealing the somewhat paler, shiny, inner peridium, or 
rarely of small warts which separate as the basidiocarp matures and gradually 
become floccose especially near the base; opening by a central apical pore up 
to 3-4 mm in diameter; gleba close to honey yellow (R) but becoming buffy 
brown (R) to light brownish olive (R) at maturity; subgleba concolorous with 
the gleba, small, occupying up to one-quarter of the basidiocarp, compact; 
capillitium pale yellowish in the yellow specimens but becoming yellow- 
brown in the brown specimens with distinct walls up to 0.7 uw thick, very 
much branched, tapering gradually, some very thin threads, but usually (2.5) 
3.5—4 (6.5) ws in diameter; spores almost concolorous with or lighter than the 
capillitium, globose, with a minute pedicel, some smooth and some minutely 
spiny at a magnification of 950, (3.5) 4—4.5 uw in diameter. 


Habitat: on the ground, usually singly, Aug. to Oct. 


Specimens examined in DAOM: 27413, 27414, 27970, North Gower, Ont.; 
29482, Western Lookout, Gatineau Park, Que. ; 28002, Pellston Hills, Michigan, 
U.S.A.; 27973, Tahquamenon Falls, Michigan, U.S.A. 


The above description was made mainly from the type, which was collected 
by C. H. Peck, at Sandlake, N.Y. This collection consisted of four fruit bodies 
pasted to pieces of cardboard making it difficult to determine their true size 
and shape. Three of the fruit bodies were intact while the fourth had been 
cut longitudinally through the center revealing the yellowish gleba and the 
small, compact, concolorous subgleba. The fruit bodies were found to be 
subglobose, 10-17 mm high and 8.5—16 mm broad, with a slender, cord-like 
root and ochraceous buff (R) to cinnamon buff (R) in color. The cortex is 
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composed of small yellowish granules (similar to those of L. pusillum) which 
appear floccose and separate somewhat to reveal the paler, slightly shiny, 
inner peridium. The capillitium was found to be pale yellowish with distinct 
walls up to 0.7 uw thick, very much branched, tapering, (2.5) 3.5-4 (6.5) uw 
in diameter, and the spores to be concolorous with the capillitium, globose 
with a minute pedicel, smooth or some minutely spiny at a magnification of 
950, (3.5) 4-4.5 w in diameter. These characteristics agree well with those in 
the original description, but Peck (1879) later described more mature fruit 
bodies where he describes the cortex as becoming brownish when old and the 
subgleba, a dingy olive. Also in the discussion at the end of this description, 
the immature plant is said to be quite conspicuous while the mature plant is 
said to be quite inconspicuous as it closely resembles the brown color of the 
fallen leaves. . 

The collections from North Gower were old and were a dark brownish color 
with a small amount of yellow at the base. The cortex was of the same structure 
as that in the type but the capillitium was slightly darker in color, and a very 
small compact subgleba was present. Peck (1879) made no reference to the 
presence of a subgleba in his description even though one was present in the 
type. 

In the Michigan and Quebec collections, the fruit bodies are yellowish but 
very immature and the cortex is composed of small, slightly darker tipped 
warts which become separated, especially at the base in these specimens, 
where the cortex is composed of floccose granules similar to those in the type. 
Thus it would seem that the warts gradually break up as the plant matures 
to become floccose granules. Also weather conditions are known to cause 
considerable variation in the structure of the exoperidium. 

From the presence of the compact subgleba in the fruit bodies, this species 
seems to be closely related to L. ericetorum and could very well be a color form 
of this species. However, until more collecting and study can be done with 
this group, it seems advisable to retain L. coloratum Pk. as a separate species. 


Lycoperdon curtisii Berk., Grevillea, 2: 50. 1873. (Fig. 3). 
Lycoperdon wrightii Berk. & Curt., Grevillea, 2: 50. 1873. 


Basidiocarp 6-15 (20) mm high and (5) 8-18 (30) mm broad, globose, sub- 
globose to depressed globose, appearing sessile but with a short, tapering 
base, plicate beneath, attached to the ground by a few white rhizomorphs, 
white to cream-colored; cortex composed of warts or more usually of spines 
about 1-2 mm long, united at their tips with divided bases, with groups of 
spines converging at their apices to form stellate groups, becoming smaller 
downward and finally granular at the base, often with fine furfuraceous 
material between the spines which increases in amount downward; spines 
falling off revealing a farinaceous, chamois (R) to dark olive-buff (R) inner 
peridium which gradually becomes smooth and shiny; pore apical, slow to 
form, small, usually 2-3 mm in diameter, gleba white at first but becoming 
yellow-brown and finally a dark olive-buff (R) at maturity, usually with a 
small columella; subgleba white at first and remaining almost white in some, 
while in others it becomes concolorous with the gleba or develops a purplish 
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cast at maturity, chambered, convex above, distinctly separated from the 
gleba, occupying up to % to (%) of the basidiocarp; capillitium hyaline, thin- 
walled, septate, sparsely branched, a few irregular thickenings along the edge, 
with much debris adhering, (3.5) 5—6.5 (11.5) uw in diameter; spores globose, 
pale brownish yellow, some with a small pedicel, smooth or very minutely 
roughened at a magnification of 440, minutely spiny at a magnification of 
950, (2.5) 3-4 uw in diameter. 


Habitat: solitary or caespitose, on sandy ground, among grass and occa- 
sionally on compost heaps. Aug. to early Oct. 


Specimens examined in DAOM: 27988, 27994, 29464, 29470, 29472, 29500, 
45079, 45109, 45121, Bell’s Corners, Ont.; 29490, Constance Bay, Ont.; 22180, 
Fitzroy Harbour, Ont.; 25796, 25808, Lake Opinicon, Ont.; 22152, 22163, 
22182, 22185, 22210, 22213, 22217, 25794, 25806, 39417, Central Experimental 
Farm, Ottawa, Ont.; 7789, 22203, Ottawa area, Ont.; 29481, Kingsmere, Que. 


This is a very attractive little puffball which usually grows in small groups or 
clusters and is common in late summer and fall in pastures, lawns, and occa- 
sionally along roadways. Macroscopically the cortex resembles that of L. 
candidum Pers., but L. curtisii is readily separated from L. candidum by its 
smaller size, the more persistent cortex, which does not flake off in large 
patches, the paler inner peridium, and the larger, thin-walled, hyaline, septate 
capillitium, as opposed to the darker capillitium of the latter. Both L. curtisii 
and L. subincarnatum Pk. have a hyaline capillitium, but here the resemblance 
ends as L. subincarnatum has a pinkish brown cortex and a pitted inner peri- 
dium. 

L. depressum Bon. has a hyaline, septate, thin-walled, flaccid, mostly 
granular, sparingly branched capillitium up to 5.6 (8.1) uw in diameter and this 
is very similar to that of L. curtisit. However, according to Perdeck (1950), 
the fruit bodies are 1-5 cm high and 1.5—6 cm broad with a variable height- 
width ratio and only sometimes sessile, globose, or depressed globose, whereas 
our specimens are small and have all been globose to depressed globose. Also 
in L. depressum, the surface is composed of fairly fugaceous white or yellowish 
spines which are very small and often clustered and connivent, or sometimes 
with mealy granules, or small scales, and the gleba is without a columella and 
separated from the subgleba by a diaphragm. Therefore L. curtisti is very close 
to L. depressum except for the smaller size of the fruit bodies and the larger 
and longer warts and spines on the cortex. Although there is a sharp separation 
between gleba and subgleba in L. curtisii, there is no evidence of a distinct 
diaphragm being present as in L. depressum. 

There has been considerable confusion about the correct name for this 
fungus. If LZ. curtisii and L. wrightii are the same species, L. curtisii is the 
correct name as it was described as number 333 while L. wrightii was described 
by Berkeley and Curtis as number 334. With these facts in mind, Dr. J. W. 
Groves kindly examined the types of both of these species in the Kew 
Herbarium and made notes on the specimens in 1954. From the notes the 
following information has been obtained. 
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In the type folder of L. wrightii B. & C., there are two specimens from 
Berkeley’s herbarium, one from New Jersey and the other from Connecticut. 
Since the Connecticut specimen bears the number 5633, was collected by 
C. Wright, and is cited in the original description, it should be considered as 
the type of the species. This collection consists of three specimens glued to a 
sheet of paper and these were ‘‘somewhat badly flattened but appear to have 
been nearly globose and are 1 to 1.5 cm in diameter.’’ The outer peridium 
consisted of whitish buff, conical spines up to 1 mm long above and about 0.2 
mm below which are very deciduous, and the inner peridium was smooth. 
There did not seem to be a columella but the subgleba was about 1 mm thick, 
concolorous with the gleba and “apparently sharply separated from the 
gleba.”’ 

There were four collections mounted on one page in a type folder of L. curtisii 
B. A 1938 collection from Bermuda and another (2195) labelled ‘Lycoperdon. 
Car. Inf.” can be disregarded as they are not cited in the original description. 
Another specimen labelled 5613=558 Lycoperdon curtisii B. Connecticut, 
Wright, consisted of two fruit bodies glued to a sheet and two loose fruit 
bodies in a small packet and was cited in the original description. The last 
specimen, labelled 558 Car. Sup. Lycoperdon curtisti B., M. A. Curtis, was also 
cited in the original description. It is the first collection cited and is collected 
by Curtis and so should be taken as the type of the species. This collection 
consisted of nine fruit bodies glued to a sheet, four and part of a fifth still 
remain, and fragments of at least two others are in two small packets. The 
fruit bodies are ‘‘from 5-8 mm. in diameter but one in the Connecticut speci- 
men is 10 mm. in diameter’’ and the “‘exoperidium consists of pointed spines 
tending to come together at the tips to form pyramidal warts’’. There was not 
much evidence of the exoperidium being deciduous in the Curtis specimen, but 
the fruit bodies seemed to be immature. However, in the larger specimen of 
the Wright collection, the spines ‘‘are falling off and are more evident as 
separate spines. In this specimen they look quite like the spines in L. wrightii.”’ 

Mounts were also made from the type specimens mentioned above and they 
were found to be almost identical. In a mount of L. curtisii, the spores were 
found to be (3) 3.5 u in diameter, minutely spiny at a magnification of 950, 
hyaline with only a few, pale yellowish; the capillitium was found to be up 
to 7m thick, thin-walled, hyaline, and septate, while in a mount from L. 
wrightii, the spores were found to be (3) 3.5 (4) uw in diameter, minutely spiny 
at a magnification of 950, and pale yellowish, and the capillitium to be up to 
8 uw thick, thin-walled, hyaline, septate, and somewhat granular. 

From this it would appear that the two fungi are very close if not identical. 
The main microscopic difference between them is that the capillitium of 
L. wrightit is granular and somewhat broader than that in L. curtisii, and 
the spores in L. wrightiit have a yellowish color. However, the mount of L. 
curtisit is made from slightly immature material as the spores are still hyaline 
and the capillitium appears immature. Macroscopically the two species are 
also very similar and it would be difficult to tell them apart. L. wrightii seems 
to be larger with the smallest specimen being 1 cm in diameter, whereas the 
largest specimen of L. curtisii just reached 1 cm in diameter. “‘However from 
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the gleba and the outer peridium, it is evident that all the specimens of L. 
wrightit are more mature than those of L. curtisii.’’ The same difference in 
size has been found in collections from the Ottawa area and there have been 
collections with specimens of both sizes; also the differences in the capillitium 
have been found in the same collection and sometimes in the same fruit body, 
depending on where the mount was made. Therefore, in my opinion, L. 
curtisii is the correct name for the fungus and. L. wrightii is a synonym. 


Coker and Couch (1928), rightly considered L. wrightii to be a synonym of . 


L. curtisii whereas Lloyd took L. wrightii to be a valid name. He stated that 
‘Lycoperdon curtisit is based on some young specimens of a larger species 
(probably cruciatum) just emerged from the ground and should never have 
been determined, much less named and described’. However, this species 
has not the characteristics of L. cruciatum (L. candidum). Referring to L. 
wrightii, Lloyd also stated that ‘The species was named and described by 
Berkeley from some old specimens that had lost their cortices and he gave a 
fairly good description of it excepting he mistook the furfuraceous remains 
of an old peridium for the cortex and described it as having ‘minute echinulate 
warts’ ’’. Morgan (1891) and Kambly and Lee (1936) recognize both a L. 
curtisit and a L. wrightii, and their L. curtisii is the same as the species des- 
cribed here, but what their L. wrightii is I do not know. 


Lycoperdon delicatum Berk. sensu Morgan, Journ. Cinn. Soc. Nat. Hist. 13:10. 

1891. 

Basidiocarp 2.5 cm tall, subglobose with a root-like projection and some 
white mycelial fibers at the base, plicate below; isabella color (R) to honey 
yellow (R) above, chamois (R) to cream buff (R) below; cortex somewhat 
wrinkled, composed of small granules and fine spines which wear away above, 
giving the peridium a granular appearance, almost smooth to the naked eye, 
granules quite persistent, only rarely revealing the smooth, shiny, inner 
peridium; pore apical; gleba with a small pseudocolumella, olive-brown with 
a purplish tint; subgleba cellular, cream-colored, small, occupying one-fifth 
of the basidiocarp or the small, tapered portion at the base; capillitium pale 
yellowish with a distinct, unpitted wall up to 0.7 w (occasionally 1.4 uw) thick, 
only occasionally branching and usually at a sharp angle, irregular thicken- 
ings along the edge, contorted, sinuous in the thinner portions, tapering 
gradually or rather abruptly, 3.5—5.5 uw in diameter; spores concolorous with 
the capillitium, globose with a short piece of pedicel still attached, long pieces 
of hyaline pedicels mixed with the spores, rough at a magnification of 440 
but spiny at a magnification of 950 with spines up to 1 uw long projecting into 
a hyaline envelope, 6.5—8 uw in diameter including the spines (5-6 w in diameter 
without the spines). 


Habitat: on the ground. Sept. 
Specimen examined in DAOM: 28010, Gatineau Park, Que. 


The exact identity of L. delicatum is in doubt. Massee (1887) included in 
his monograph a specimen from the Khasia Mountains in the northwest 
Himalayas which he called L. delzcatum Berk. and which he described as having 
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echinulate spores about 6m in diameter. This is apparently based on L. 
delicatum Berk. described in Hook. Journ. Bot. 1854, p. 172. It seems unlikely 
that this is the same fungus as L. delicatum Berk. & Curt. in North Amer. 
Fung. 337, which was said to have small, smooth spores about 4 yw in diameter. 

Morgan (1891) applied the name L. delicatum Berk. to a fungus which ap- 
peared to agree with Massee’s (1887) description in spore characters but 
differed in having the capillitium only occasionally branched. Our specimen 
appears to agree with Morgan’s concept but only examination of the type 
material can determine whether or not it is the true L. delicatum Berk. 

Our species is characterized by its nearly smooth surface and large, spiny 
spores. The surface of the basidiocarp appears to be smooth and wrinkled to 
the naked eye but under a lens small spines are seen to be present on the 
lower part and small granules on the upper part. Morgan (1891) described 
the basidiocarps as 1-2 in. (2.5—-5 cm) in diameter and the single specimen 
found here was 2.5 cm. 

Morgan (1891) described the subgleba as being ‘“‘very small or quite obsolete” 
and the capillitium as “rather thinner than the spores’. Both of these charac- 
ters apply in the Gatineau Park specimen and it is thereby excluded from L. 
elegans Morg., which has a fairly large subgleba and a capillitium thicker than 
the spores, and from L. molle Pers., which has a large subgleba and a capillitium 
which averages the same size as the spores. Hollos (1891) gave essentially 
the same description as did Morgan (1891) but treated the fungus as var. 
delicatum Morg. of L. umbrinum Pers. 


Lycoperdon echinatum Pers., Syn. Meth. Fung. 147. 1801. 
Lycoperdon constellatum Fr., Syst. Mycol. 3: 39. 1829, 


Basidiocarp 2.2—3.5 cm high and 2.5—3.5 cm broad, subglobose with a short 
stout stalk or broadly pyriform with fine white rhizomorphs at the base pene- 
trating the substratum, plicate beneath, Saccardo’s umber (R) above and 
tawny olive (R) below; cortex composed of slender spines 2-3 mm long, 
white at first but soon becoming brownish, darker at the apex, with tips 
convergent or a number of spines joined together at the base and these groups 
convergent at their apices, falling off leaving a reticulated inner peridium 
composed of furfuraceous material and small warts which may wear away 
very quickly, leaving a pale to dark, smooth, shiny, inner peridium; pore 
apical, very slow to form; gleba white when young, but changing from light 
to dark brown and finally with a distinct purplish tinge at full maturity; 
subgleba about the same color as the gleba, composed of very small cells, 
usually small but sometimes occupying up to % of the basidiocarp; capillitium 
light yellow-brown, with pitted walls about 0.8 wu thick, branched, tapering 
toward the tips, irregular thickenings along the edge, sinuous, especially in 
the thinner portions, 3.5—5.5 (8) uw thick; spores globose, concolorous with the 
capillitium, with a short piece of pedicel attached and pieces of hyaline pedicels 
mixed with the spores, spiny at a magnification of 440, 4.5-5.5 (6.5) yw in 
diameter including the spines (mostly 4.5—5 wu in diameter without the spines). 


Habitat: on the ground in woods. 
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Specimens examined in DAOM: 22221, Great Whale River, Que., 24830, 
Valley Park, Miss., U.S.A. 


This species has not as yet been collected from the Ottawa area but has 
been included here, since it is known to occur in more southerly regions and 
recently has been collected from Great Whale River in northern Quebec. 

The above description has been made mainly from the specimen (DAOM 
24830) collected and determined by D. H. Linder and received from the 
Farlow Herbarium, Harvard University, and from the specimens in the Great 
Whale River collection (DAOM 22221). 

The distinguishing characteristics of L. echinatum are the long spines, which 
at maturity, are dark brown in color and fall off leaving a reticulate inner 
peridium; the small subgleba with the very small chambers; the spores, which 
are rough at a magnification of 440; and the pieces of hyaline pedicels mixed 
with the spores. 


Lycoperdon ericetorum Pers. var. cepaeforme (Bull. ex Pers.) comb. nov. 


Lycoperdon cepaeforme Bull. ex Pers., J. de Bot. II: 17. 1809. 
Lycoperdon polymorphum Vitt., Mon. Lyc. p. 183. 1843. 


Basidiocarp variable in size and shape 9—21 (35) mm broad and 9-25 (45) mm 
high, globose to subglobose, pear-shaped or with a very short stem-like base 
and gradually enlarged above into a globose to depressed-globose head, usually 
plicate beneath, with a stout, cord-like, basal rhizomorph which may be 
branched and covered with earth, white at first, becoming cream color (R) 
and finally light brownish olive (R) or brownish olive (R) at maturity; surface 
may be felty at first, becoming cracked near maturity, but usually composed 
of granules which become aggregated into warts, or sometimes of spines with 
their tips convergent, or merely of granules, which remain light-colored and 
separate from each other revealing the darker, shiny, slightly farinaceous inner 
peridium; pore apical, 3-5 mm in diameter, very slow to form; gleba white at 
first, becoming yellowish and finally buffy olive (R) to olive-brown (R) at 
maturity; subgleba compact, without chambers, white to concolorous with the 
gleba, occupying up to % of the basidiocarp, usually % or less; capillitium 
light to dark yellow-brown, walls up to 1 uw thick, with inconspicuous pits, 
occasionally septate, frequently branched, tapering towards the tips, sinuous 
in the thinner portions, irregular thickenings along the edge 3.5—5 (6.5) uw in 
diameter; spores concolorous with the capillitium, globose, with a small pedicel, 
smooth or faintly dotted at a magnification of 440, usually minutely spiny at 
a magnification of 950, 3.5—4.5 uw in diameter. 


Habitat: Gregarious to scattered. On the ground in woods and in open 
places. Aug. to Oct. 

Specimens examined in DAOM: 29467, 45100, 45104, 45113, Bell’s Corners, 
Ont.; 22141, 22143, 28017, Lake Opinicon, Ont.; 27415, 27417, 27959, 27993, 


45108, North Gower, Ont.; 22204, 27987, 28005, Arboretum, C.E.F., Ottawa, 
Ont.; 27399, 27422, Ramsayville, Ont.; 28009, Sand Bay, Que. 


This is a very variable species in shape and size but can be recognized by 
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the small, compact subgleba. Most of the specimens collected were small and 
globose or depressed globose. According to Lloyd (1905) the common form 
occurring in Europe has a quite large subgleba, and this is considered to be 
typical for the species, whereas the common form collected here has a small 
subgleba and is recognized as a distinct variety on this basis. 

The form with the small subgleba has been known as L. cepaeforme Bull., 
L. polymor phum Vitt., or L. polymorphum Vitt. var. cepaeforme Lloyd. Perdeck 
(1950) considered both L. cepaeforme Bull. and L. polymorphum Vitt. to be 
synonyms of L. ericetorum. He stated that ‘‘Persoon’s description, plate, and 
herbarium specimens show that he meant with his L. ericetorum only the 
sessile, subglobose specimens. Vittadini (1842) has already proved that pear- 
shaped, somewhat stemmed specimens belong to this species’. Persoon left 
three collections of L. ericetorum of which HLB 910—258.502 has been desig- 
nated as the lectotype. Dr. J. W. Groves made notes on this specimen in 1950 
and the following information was obtained. The lectotype collection consisted 
of three fruit bodies and some sections in packets and the fruit bodies were 
“globose, 1.5—-2 cm. in diameter, reddish brown, slightly furfuraceous to almost 
glabrous’, and the spore mass was brown. No. mention was made of the charac- 
teristics of the subgleba but Perdeck described the subgleba of this species as 
compact and cited this same specimen. In a mount made from this specimen 
the capillitium was found to be 2.5—5.0u in diameter, lightly colored and 
branched while the spores were found to be 3.5—5.0 uw in diameter, globose, 
smooth at a magnification of 440 but minutely roughened at a magnification 
of 950. This agrees very well with Perdeck’s description and with material 
in our collections. 

L. cepaeforme Bull. was treated as a synonym of L. pratense Pers. by Persoon 
(1801) and again as a synonym of L. ericetorum Pers. by Persoon (1809). The 
description of L. pratense by Persoon (1801) is inadequate and according to 
Perdeck (1950) ‘‘Persoon left no specimens under this name (except some 
with a question mark)”’, therefore this name can be disregarded. Lloyd (1905a) 
has used the name L. pratense for a fungus from Australia with hyaline or 
faintly colored, septate capillitium, and a cellular subgleba separated from the 
fertile portion by a distinct diaphragm. This species of Lloyd seems to be 
L. depressum Bon. as described by Perdeck (1950) and L. hiemale Bull. as 
described by Cunningham (1942). Lloyd refers to the name L. pratense in the 
following way: ‘‘We adopt the name Lycoperdon pratense, there being a tradi- 
tion in Europe that it is Persoon’s species and the plant being generally so 
known now. Still there is no direct evidence on the point. Persoon left no 
specimens and his figure, which is quite characteristic as to shape, has the 
surface broken into areas by cracks, never a feature of any specimen I have 
ever seen. The first definite evidence is that it is Lycoperdon hyemale of 
Vittadini. Not only his specimens exist but he clearly characterizes it, pointing 
out the peculiar diaphragm so marked in this species’’. It is evident from the 
above that there is no legitimate reason for using the name L. pratense, and 
also that Lloyd applied it to a fungus quite different from L. ericetorum. 

Since our material seems to agree with L. ericetorum Pers. except for the 
smaller subgleba and to agree with Bulliard’s L. cepaeforme in this respect, I 











366 CANADIAN JOURNAL OF BOTANY. VOL. 39, 1961 


propose to call our fungus L. ericetorum Pers. var. cepaeforme (Bull. ex Pers.) 
comb. nov. to differentiate the form with the small sterile base from that with 
the large sterile base. 


Lycoperdon flavotinctum sp. nov. (Fig. 4). 

Basidiocarpus 1-3 cm alt., 1.3-3.5 cm lat., a globoso turbinatus, in primis 
albus, deinde isabellinus, vel dense luteo-olivaceus, vel luteo-citreus; cortex 
variabilis, tentus nunc ex spinis pallide brunneis, gracillimis, convergentibus, 
nunc ex spinis et granulis, nunc ex granulis spinosis; peridium interius pallidum, 
lucidum; gleba olivaceo-brunnea, cum parva pseudocolumella; subgleba 
loculosa, ad tertias vel dimidias basidiocarpi lata; capillitium brunneo-luteum, 
lacunosum, (2.5) 3.5—5 (6) uw diam.; sporae globosae, 4~—4.5 (5) uw diam., minute 
pedicellata, minute spinosa sub 950. 

Habitat: supra solum in locis apertis. Aug.—Oct. 

Basidiocarp 1-3 cm high and 1.3—3.5 cm broad, usually broader than tall, 
variable in shape, usually globose to subglobose or depressed globose, but 
some obovoid to turbinate, with a short tapering base, slightly plicate beneath, 
attached to the substratum by a white fibrous mycelium which may form a 
small pad with the soil at the point of attachment; white at first but becoming 
a deep isabella color (R) to a dark olive buff (R) or buffy citrine (R); cortex 
variable, usually composed of pale brownish, minute, slender spines convergent 
at their tips, or of separate spines and granules, or spinulose granules; in a 
mixture of both, the spines may disappear almost entirely leaving only the 
granules; outer coating gradually wearing away and revealing the paler, 
shiny, inner peridium in places; pore apical; gleba olive-brown, with a small 
pseudocolumella; subgleba usually concolorous but may be paler to almost 
white, occupying one-third to one-half of the fruit body, distinctly chambered, 
convex above; capillitium brownish yellow with distinct darker walls up to 
0.8 uw thick, pitted with numerous small pits, branched, a few irregular thicken- 
ings along the edge, sinuous, tapering to a blunt point, (2.5) 3.5—-5 (6) mw in 
diameter; spores almost concolorous with the capillitium, globose, with a 
minute pedicel, minutely spiny at 950, 44.5 (5) uw in diameter. 


Habitat: on the ground in open places. Aug. to Oct. 
Type: DAOM 28004, on sandy ground, Bell’s Corners, Ont. Sept. 26, 1951. 


Specimens examined in DOAM: 22177, 22198, 27967, 35791, 45091, 45119, 
45125, Bell’s Corners, Ont.; 22222, Carp, Ont.; 25789, Constance Bay, Ont.; 
22159, 22171, 22173, 22179, 22193, 22195, 22196, 22214, 27446, Fitzroy 
Harbour, Ont.; 22154, 28008, 29476, Merivale, Ont.; 45123, North Gower, 
Ont.; 27438, Ramsayville, Ont.; 27440, Devereux Lake, Michigan, U.S.A. 


This is a relatively common species in this area and is recognized by the 
yellowish tinge to the fruit body, and by the variable nature of the cortex, 
which may be composed of either pale brownish, minute, slender spines which 
may be convergent or single, or of granules or spinulose granules, or a mixture 
of both. Microscopically the capillitium is characterized by the presence of 
numerous small pits, while the spores are minutely spiny at a magnification 
of 950, but appear smooth at a magnification of 450. 
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L. flavotinctum most commonly has been known throughout the literature 
as either L. uwmbrinum or L. turneri. However, the true L. umbrinum Pers. 
has dark-colored, thin, separate spines which reveal the inner peridium from 
the beginning, whereas this species has the light brownish, small spines which 
almost entirely cover the surface from the first. 

Our collections seemed to be close to Lloyd’s and Morgan's interpretation 
of L. turneri and corresponded well with specimens of L. turneri in the Lloyd 
Herbarium. Lloyd (19055) states that his description of this plant is based 
“on specimens from J. B. Ellis (given us by Prof. Morgan), and which were 
(as to the spores at least) the plants originally described. . . . It is the original 
of Morgan’s and in the main of Ellis’ description.’’ However, on examining 
the type collection of L. turnert sent to Everhart by L. M. Turner from 
Labrador in 1884, the collection, which consisted of one fruiting body and part 
of another, was found to be a Calvatia species. The capillitium was broken up 
into short pieces and ended abruptly with peculiar hyaline projections and 
the spores were 5—6.5 uw in diameter, minutely roughened, and globose. This, 
therefore, is obviously not the species meant by either Lloyd or Morgan. 


Lycoperdon floccosum Lloyd, Myc. Notes 20: 226. 1905. 


Lycoperdon umbrinum Pers. var. floccosum Lloyd, in Smith. Puffballs and 
their allies in Michigan. p. 64. 1951. 


Basidiocarp variable in size, 2.5—4.5 cm high, 2-4 cm broad, sometimes 
broader than tall, pyriform to turbinate, plicate at the base and below the 
enlarged upper portion, attached by a stout mycelial cord, cream buff (R); 
cortex a flocculent covering composed of stout, cream-colored (R), floccose 
warts or spines which either wear off readily or are easily rubbed off leaving 
a farinaceous to flocculent inner peridium; surface cracking irregularly in 
these specimens; gleba white at first, becoming yellowish and finally buffy 
brown (R) with a purplish tint, with a small pseudocolumella; subgleba white 
at first but becoming olive-brown (R), large chambers, occupying the basal 
tapering portion or up to about one-half of the basidiocarp, concave above; 
capillitium a deep yellowish-brown color with distinct walls up to 0.8 uw thick 
and with a few small pits in the walls, branched, tapering, 4-7.5 (9) uw in 
diameter in the main threads; spores concolorous with the capillitium, globose, 
rough at a magnification of 440 and distinctly spiny at a magnification of 
950, spines up to 0.8 uw long and projecting into a hyaline envelope which sur- 
rounds the spore, 5.5-6m in diameter including the spines, 3.5-4.5 mu in 
diameter without the spines, pieces of hyaline pedicels mixed with the spores. 


Habitat: on the ground. Sept. 
Specimen examined in DAOM: 25779, 25799, 27971, Lake Opinicon, Ont. 


This species is most readily recognized by the flocculent nature of the cortex 
and inner peridium and by the spores, which are distinctly rough at a magni- 
fication of 440. 

L. floccosum was first described by Lloyd (19055), who indicated that he 
considered it to be closely related to L. umbrinum. According to Lloyd it is 
“ta form with same internal characters and the same coat of small furfuraceous 
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spines as Lycoperdon umbrinum, but which has a few large, soft, white floc- 
culent spines superficially over the inner coat. It seems to me closest to 
umbrinum but it is analogous to velatum if the veil were reduced to a few, 
scattered, soft, flocculent spines.’”” However, Lloyd’s L. umbrinum has spores 
like L. molle (his L. atropurpureum) and a gleba with a purplish cast at 
maturity. In one form there is a furfuraceous granular exoperidium: and in 
another form the exoperidium is composed of small spines more regularly 
fasciculate and persistent. This description of L. umbrinum does not agree 
with the L. wmbrinum referred to in this paper, but to L. molle. Lloyd (19050) 
himself states that ‘‘Many specimens occur that are difficult to refer to either 
species [L. umbrinum or L. atropurpureum].” His two species seem to run into 
each other with only peridial characters to distinguish them. 

Our specimens correspond well microscopically with those of Lloyd but on 
our specimens there seem to be more floccose spines or warts, especially near 
the base, than on the plant illustrated in Plate 59 (Lloyd 19050). 

Smith (1951) treats this same species as Lycoperdon umbrinum var. floccosum 
and our specimens correspond well with his illustrations. 


Lycoperdon glabellum Peck, N.Y. State Mus. Rep. 31: 39. 1879. 

Basidiocarp 2-3 cm high and 1.5—2.5 cm broad, obovoid to turbinate with 
a short tapering base and a mass of white fibrous mycelium attaching it to 
the ground, cartridge buff (R) to cream buff (R) at first, but becoming drab 
(R) to deep olive-brown (R) to buffy brown (R) above and slightly paler 
below; cortex persistent, furfuraceous, composed of small granules which, 
when magnified, appear as small floccose warts or spines over the upper 
surface; inner peridium usually revealed only at the base or in small patches, 
shiny and almost smooth; pore apical, like a slit, up to 7 mm long; gleba with 
a small columella, olive-brown (R) to natal brown (R) at maturity (with a 
purplish tinge); subgleba occupying up to one-half of the basidiocarp, flat to 
concave above, chambered, paler than the gleba and without the purple color 
at maturity; capillitium deep reddish brown with distinct walls up to 0.8 u 
thick (rarely 1.6 4) containing a very few small pits, frequently branched, 
with a few septa, especially near the point of branching, sinuous in the thinner 
portions, with irregular thickenings along the edge, gradually tapering, (2.5) 
3.5-5 (6.5) w in diameter; spores almost concolorous with the capillitium, 
globose with a small pedicel, spiny at a magnification of 440 with spines up 
to 1 long at maturity and projecting into and beyond a hyaline envelope 
which surrounds the spore, 5.5-6 (7) uw in diameter, including the spines, 
pieces of hyaline pedicels mixed with the spores. 


Habitat: on the ground, Sept. 


Specimens examined in DAOM: 27983, North Gower, Ont.; 45073, 
Fallowfield, Ont.; 49650, Fitzroy Harbour, Ont. 


L. glabellum is not common in the Ottawa area, but is characterized by the 
granular to furfuraceous nature of the peridium, by the olive-brown gleba with 
a purplish tinge, and by the distinctly spiny spores. 








ee ee ee ee ee) 


a, OTF lr OU 


floc- 
t to 
few, 
ores 
t at 
d in 
larly 
gree 
05d) 
ther 
into 


ton 
near 


SUM 


with 
it to 
Jrab 
valer 
rich, 
pper 
shes, 
with 
tha 
it to 
‘olor 
1.8 ps 
hed, 
nner 
2a) 
ium, 
Ss up 
lope 
ines, 


073, 


‘the 
with 











BOWERMAN: LYCOPERDON 


Lycoperdon molle Pers., Syn. Meth. Fung. p. 150. 1801. (Fig. 5). 


Lycoperdon atropurpureum Vitt., Mon. Lyc. p. 42. 1842. 
Lycoperdon umbrinum sensu Hollos, Gastr. Ung., p. 96. 1904. 


Basidiocarp 2-5 (6) cm high and 1.5-4 (5.5) cm broad, obovoid to pyriform 
or turbinate to broadly turbinate or subglobose with a small tapering base, 
plicate beneath, attached by white fibrils, color variable, from cartridge buff 
(R) to avellaneous (R) to wood brown (R) to Saccardo’s umber (R), usually 
paler below; cortex composed of light brownish to white, slender spines up to 
1 mm long, usually in groups with tips convergent, or of smaller spines and 
granules mixed with the larger spines in varying proportions, fairly persistent; 
inner peridium where revealed usually paler in color, smooth to slightly 
farinaceous, somewhat shiny in places; pore central, apical, 4-6 mm in diam- 
eter; gleba white at first but becoming olive-brown and finally dark brown 
with a purplish tint at maturity, with a small pseudocolumella; subgleba white 
at first but becoming pale brown or concolorous with the gleba, not sharply 
separated from the gleba, usually convex above and extending up the sides, 
occupying %—-% (3%) of the basidiocarp, cellular; capillitium reddish to 
yellowish brown with a distinct pitted wall up to 0.8 yw thick, branched, with a 
few septa, irregular thickenings along the edge, tapering, sinuous in the thinner 
portions, 3.5—6.5 (7.5) uw in diameter; spores almost concolorous with the 
capillitium, globose with a minute pedicel, pieces of hyaline pedicels mixed 
with the spores, rough at a magnification of 440, but distinctly spiny at a 
magnification of 950 with spines up to 0.8 uw long projecting into a hyaline 
envelope, (4) 5—6 (6.5) uw in diameter including the spines. 


Habitat: on the ground in woods or in sandy places, solitary or in small 
groups. Aug. to Oct. 


Specimens examined in DAOM: 22175, 37585, Bell’s Corners, Ont.; 48149, 
Carp, Ont.; 45093, 45096, 45116, Fallowfield, Ont.; 22147, 48148, Fitzroy 
Harbour, Ont.; 29485, Kinburn, Ont.; 25784, 25795, 25804, 26258, 26397, 
Lake Opinicon, Ont.; 22153, 39415, 39418, 39435, Merivale, Ont.; 27430, 
27434, 27435, 28022, 45081, North Gower, Ont.; 11210, Forest Belt, C.E.F., 
Ottawa, Ont.; 22237, 22240, Petawawa Forest Experiment Station, Ont.; 
34329, Victoria Beach, Man.; 25780, 26400, Sand Bay, Que.; 21235, Cross 
Village, Mich., U.S.A. 


This is a fairly common but variable species of Lycoperdon. The cortex is 
the most variable character and new species have been based on this great 
variability, but the different forms all seem to intergrade one into another 
and for the present have been considered as one. It is easily separated from 
L. umbrinum Pers. (sensu Perdeck) by the larger and distinctly rough spores, 
with the spines or warts visible at a magnification of 440, and by the pale- 
colored spines of the cortex, which may be convergent, and may be intermixed 
with granules. 

This species has been called Lycoperdon atropurpureum Vitt. by most 
European and American mycologists. However, according to Perdeck (1950), 
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who has recently studied Persoon’s specimens, L. molle Pers. is the proper 
name for the fungus and L. atropurpureum Vitt. isa synonym. From Perdeck’s 
description and from examining a slide made from one of Persoon’s specimens 
marked type (HLB 910.258—472), it is evident that L. molle Pers. is the same 
as the present concept of L. atropurpureum Vitt. Lloyd (1907) realized that 
the two names were synonymous, but did not use Persoon’s name probably 
because, as he stated earlier, he thought that Vittadini’s name was more ap- 
propriate and that Vittadini was the first to give a clear description of the 
species. 

Hollos (1904) described what appears to be this fungus under the name 
L. umbrinum. He divided this species into a number of varieties based on the 
peridial characteristics, but his L. wmbrinum possesses a dark olive to umber 
or purple-brown gleba, and “strongly warty”’ spores 5-6 uw in diameter. These 
characters are typical of L. molle and L. umbrinum sensu Hollos is, therefore, 
considered to be a synonym of L. molle Pers. 


Lycoperdon muscorum Morgan, Jour. Cinn. Soc. Nat. Hist. 13: 16. 1891. 

Basidiocarp (1.2) 1.7-3 cm high and 1.4-1.8 cm broad, broadly turbinate 
or subglobose above, with either a stalk-like or a very short to almost absent, 
tapering base, plicate beneath and with a little fibrous white mycelium, 
chamois (R) to deep olive buff (R) above, paler below, cream buff (R) to 
cream (R) to cartridge buff (R); cortex usually wrinkled, variable, composed 
either of granules with a few spines or of small simple spines, sometimes with 
the tips covergent, mixed with floccose granules; inner peridium, where 
revealed, shiny and paler, but granules quite persistent; pore apical; gleba 
white at first, but becoming olive-brown at maturity; distinctly separated 
from the subgleba; subgleba chambered, white at first, but at maturity becom- 
ing concolorous with the gleba but often paler at the base, occupying % to 4% 
of the basidiocarp or the stalk-like or tapering portion and extending slightly 
up the sides; capillitium yellow-brown with a distinct, darker, minutely pitted 
wall up to 0.8 uw thick, branched, occasionally septate at point of branching 
and often broken up into short pieces, tapering, sinuous in the thinner portions, 
irregular swellings along the edge, (2.5) 3.5—-5 (6.5) uw in diameter; spores 
concolorous with the capillitium, globose with a short piece of pedicel attached, 
smooth but some slightly roughened at a magnification of 440, minutely spiny 
at a magnification of 950, 44.5 (5) uw in diameter (without the spines). 


Habitat: among moss or on shady ground. Sept. to Oct. 


Specimens examined in DAOM: 27978, Bell’s Corners, Ont.; 27974, Meri- 
vale, Ont.; 28012, Merivale Road, Ont.; 25786, Sand Bay, Que.; 24737, 
Riverdale, Mich., U.S.A. 


L. muscorum is not often found in the Ottawa area. It is characterized by 
the presence of a stalk or very short tapering base, and by the capillitium, 
which breaks up into short pieces much as it does in the genus Calvatia, 
although the fruit body opens by a pore. The specimens collected have been 
fairly small, but Lohman (1927) has reported that the fruit bodies may reach 
a height of 6 cm and a diameter of 3 cm. 
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According to Morgan (1891) ‘‘This is LZ. molle of Peck’s U.S. species of 
Lycoperdon.”’ 


Lycoperdon pedicellatum Peck, N.Y. State Mus. Rep. 26: 73. 1874. (Fig. 10). 


Lycoperdon caudatum Schroeter, Pilze Schles. 3: 698. 1889. 
Bovistella pedicellata Lloyd, Myc. Writings 2: 282. 1906. 


Basidiocarp 1.5—3.5 cm broad, 1.7—4 cm. high, obovoid to turbinate or with 
a thick short stipe and a globose to subglobose head and plicate below, attached 
to the substratum by white rhizomorphs, white at first but becoming cream 
(R) to old gold (R) or isabella color (R) above, and cream color (R) to chamois 
(R) below; outer peridium composed of stout dehiscent spines, up to 1 mm 
thick at the base and 1-2 mm long, with the tips often convergent and with 
the bases fairly close together, the upper spines falling off leaving a smooth 
or obscurely reticulated or shallow pitted pale olive-buff (R) to greyish olive- 
buff (R) inner peridium; the lower spines smaller, finer, usually farther apart, 
occasionally with granular material mixed in, often darker and quite persistent; 
gleba white at first, but becoming cream and finally light brownish olive (R) 
to olive-buff at maturity; subgleba white but becoming cream to almost 
concolorous with the gleba or with a purplish tint, of small to medium-sized 
chambers, occupying up to one-half of the basidiocarp in stalked forms but 
very small in others, convex above, extending up the sides; capillitium highly 
colored, deep yellowish to reddish brown, with distinct darker walls up to 
1 uw thick, distinctly pitted (few to fairly numerous pits), frequently branched, 
sometimes septate (some threads broken up into short pieces which indicate 
a few septa), gradually tapered towards the ends, with some irregular thick- 
enings along the edge, sinuous in the thinner portions, 3.3-5.7 (9.8) w in diam- 
eter; spores lighter than the capillitium, globose to subglobose to slightly oval, 
smooth to slightly roughened with the spines projecting into a thin, hyaline 
envelope which surrounds the spores, 3.5-5 X 3.5-4u with hyaline pedicels 
up to 30 (40) uw long. 


Habitat: on ground and on rotted wood. Aug.—Oct. (Nov.). 


Specimens examined in DAOM: 29488, Cantley, Que.; 26234, Dunham, 
Que.; 29449, 45107, Fallowfield, Ont.; 27406, 27448, 27982, Gatineau Park, 
Que.; 25802, 25809, Lake Opinicon, Ont.; 39416, Merivale, Ont.; 21312, 
Ottawa, Ont. 


This puffball is easily recognized by the rather long, deciduous, whitish 
spines and by the characteristic spores with the long hyaline pedicels. It seems 
to be a rare plant in the Ottawa district although according to American 
mycologists it is more frequently found in northern areas. 

Lloyd (1906) placed this species in Bovistella as he includes in this genus 
those species with the Bovista type of capillitium and those whose spores have 
permanent pedicels or either one of these characteristics, and states that they 
could be calléd either a Bovistella or a Lycoperdon. However, most authors have 
treated the genus Bovistella as possessing both these characteristics, thus 
excluding L. pedicellatum. 
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Lycoperdon perlatum Pers., Syn. Fung. p. 145. 1801. 

Lycoperdon gemmatum Batsch ex Fr., Syst. Myc. 3: 36. 1829. 

Basidiocarp variable in size (1.2) 2—4 (5) cm high by (1) 2-3 (5) cm broad, 
variously shaped, turbinate to obovoid, to almost pyriform, or subglobose 
above with a stem-like base, which may be plicate at both the base and the 
top, and may have a swollen base; usually white when young but becoming 
isabella color (R) to buffy brown (R) to Saccardo’s umber above but usually 
remaining cream buff (R) to warm buff (R) below at maturity ; cortex composed 
of white to brownish, simple, stout spines or warts, or a number of thinner 
ones closely joined together, or of long, dark-colored or pale, slender, curved 
spines in groups of two to six, with small warts or granules which may surround 
the large warts or groups of spines in either a regular or irregular manner; 
spines and warts also extend down the stalk where they are much smaller and 
the difference in size is less pronounced; spines and warts fall off at maturity, 
leaving either a smooth surface or pale areolae which give the inner peridium 
a reticulate appearance which may disappear with age; pore apical, large, 
up to 5 mm in diameter; gleba white at first, turning olive-brown at maturity, 
sometimes with a purplish tint, and with a distinct pseudocolumella; subgleba 
coarse, variable in color from white to almost concolorous with the gleba, 
occupying the stalk-like portion and extending up the sides; capillitium light 
to medium yellow-brown with a distinct wall up to 0.8 uw thick, not or only 
slightly pitted, branched, irregular thickenings along the edges, sinuous in 
the thinner portions, tapering, (1.5) 2.5—5 (7.5) mw in diameter, some hyaline 
threads present; spores almost concolorous with the capillitium, globose, 
some with a small piece of pedicel still attached, minutely spiny at a magni- 
fication of 950, 3.5—4 (5) mw in diameter. 


Habitat: Single, gregarious, or caespitose. On rotten logs and stumps and 
more usually on the ground. Aug.—Oct. 


This is one of our most common species, but it is very variable in shape, 
size, and color, and has often been referred to as the gem-studded puffball 
as the erect warts or spines often give the surface the appearance of being 
studded with gems. The short warts are more abundant on the upper surface 
and as the plants mature, these warts fall off leaving pale areolae which usually 
give the peridium a reticulate appearance. 

In some collections the specimens are quite a different shape from usual. 
The fruit bodies consist of a long, nearly cylindrical stalk which may be slightly 
swollen at the base and with a subglobose head. Typical L. perlatum spines 
cover the head and smaller o1es extend down the stalk. There are intergrad- 
ations between this form and the typical form and Lloyd (19050) illustrated 
several forms in Plate 46. 

For many years Lycoperdon gemmatum Batsch ex Fr. and Lycoperdon 
perlatum Pers. were thought to be separate species. According to Massee (1887), 
L. perlatum was characterized by the presence of a columella and an umbo, 
and L. gemmatum by the absence of these characters. Morgan (1891) also 
distinguished the two on the color of their spines, L. gemmatum with white 
or grey spines and L. perlatum with greyish brown or black spines. However, 
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Lloyd (19050) states that he ‘‘never could grasp the difference between them”’ 
and that ‘‘Persoon’s specimens of perlatum are the ordinary form of gemmatum 
tout-a-fait.”” In 1801 Persoon used L. gemmatum as a synonym of L. perlatum, 
and Hollos (1904), Kambly and Lee (1936), and Perdeck (1950) consider the 
two species to be synonymous. Since L. perlatum Pers. and L. gemmatum 
Batsch. ex Fr. are the same species and since L. perlatum was described in 
1801, the starting point of nomenclature in the Gasteromycetes, L. perlatum 
Pers. is to be considered as the correct name for this fungus. 

Several varieties of L. perlatum have been described. Perdeck (1950) 
included three varieties based on the structure of the exoperidium. L. perlatum 
Pers. var. typicum and L. perlatum Pers. var. bonordenii (Mass.) Perdeck both 
have big spines which are either simple or thick, or consist of a number of 
thinner ones. In var. typicum after falling off they leave a very distinct reticu- 
late structure on the cortex, the big spines being surrounded by smaller ones 
and leaving paler areolae, whereas in var. bonordenii there is no distinct 
reticulate structure, either because there is no distinct differentiation between 
big and small spines, or else the small spines are very rudimentary, or do not 
surround the big ones regularly. In the third variety, var. nigrescens Pers., 
the big spines are dark-colored, slender and curved, standing together in little 
groups (usually four to six) and at most grown together only at the base and 
top of the spines and mostly with a distinct reticulate structure on the cortex. 
Lloyd (1905b) considers L. nigrescens to be a separate species, but states that 
it ‘‘is really a form of gemmatum excepting that the stiff spines are not consoli- 
dated.”” He included L. excoriatum as a form of L. perlatum. This form is 
characterized by the warts adhering together and flaking off in pieces and 
leaving a smooth endoperidium. 

The following forms have been recognized in this area and have been 
separated mainly on the structure of the exo- and endo-peridium. 


KEY TO VARIETIES 
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Lycoperdon perlatum Pers. var. perlatum, Blumea, 6: 505. 1950. 

Cortex composed of large, simple, thick, white or brownish spines or warts, 
or of a number of thinner, white or brownish spines closely joined together. 
The large spines are surrounded by small warts and granules, which may fall 
off leaving distinct pale areolae, and a reticulate surface. 

This is the most common variety and it is only occasionally that one of the 
other varieties is found. The specimens range in color from almost white to a 
dark brown, and the character of the exoperidium is equally variable. In some 
cases the white warts have black tips, while in others the warts are concolorous 
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varying from white through brownish to very dark brown. The size of the 
warts is very variable and a hand lens is often required to pick out the 
characteristics of the exoperidium. This species is truly a very variable one 
and it is not until many specimens are examined that the intergradations of 
the exoperidial structure can be clearly understood. 


Specimens examined in DAOM: 22149, 22186, 22197, 27408, 27997, 45101, 
Bell’s Corners, Ont.; 22228, 22233, Carp, Ont.; 11186, Dunrobin, Ont.; 22199, 
22223, Fitzroy Harbour, Ont.; 25792, 25793, Lake Opinicon, Ont.; 22148, 
22156, 26232, 26237, 26239, 26259, 27427, Merivale, Ont.; 27412, 27421, 27431, 
27441, 27985, 28023, 28024, 45120, North Gower, Ont.; 5720, 7796, 16775, 
22238, 22241, Petawawa Forest Experiment Station, Ont., 28015, Ramsayville, 
Ont.; 11181, 11187, Burnet, Que. ; 34330, Danford Lake, Que. ; 26236, Dunham, 
Que.; 16774, 16781, 16788, Eardley, Que.; 11193, Gatineau Park, Que.; 
25782, 25790, Kingsmere, Que.; F9664, Ste. Anne de la Pocatiére, Que. ; 34328, 
St. Aubert, Que.; 25791, Sand Bay, Que.; 27965, Taylor Lake, Que.; 39395, 
39441, Kentville, N.S.; 39414, Moore’s Falls, N.S.; 39410, Glenmont, Kings 
Co., N.S.; 39430, Cape Split, Kings Co., N.S.; 27404, Vancouver, B.C. ; 29468, 
Ithaca, N.Y.; 27995, Lower Tahquamenon Falls, Michigan. 


Lycoperdon perlatum Pers. var. bonordenii (Mass.) Perdeck, Blumea, 6: 505. 

1950. 

Lycoperdon bonordenii Mass., J. Roy. Micr. Soc. p. 713. 1887. 

Cortex composed of coarse warts which are simple and thick and close 
together with only a few small warts and granules irregularly arranged between 
the large warts, which reveal no distinct reticulate structure on the endoper- 
idium when the large warts fall off. 


Specimens examined in DAOM: F9529, Ingolf, Ont.; 22224, Merivale, Ont.; 
27420, North Gower, Ont.; 22205, Kingsmere, Que. 


Lycoperdon perlatum Pers. var. excoriatum (Lloyd) comb. nov. 

Lycoperdon excoriatum Lloyd, Myc. Writ. 2: 229. 1905. 

Basidiocarp with a fairly cylindrical stalk which changes gradually into a 
subglobose head; cortex composed of large or smaller spines or warts (of the 
typical var. perlatum type) surrounded by smaller spines or warts and granules, 
usually flaking off, leaving a smooth, shiny, light olive-tan inner peridium. 


Specimens examined in DAOM: 27977, 28011, North Gower, Ont.; 17163, 
Granby, Que. 


Lycoperdon perlatum Pers. var. nigrescens Pers., Syn. Meth. Fung. p. 146. 1801. 

Cortex composed of large, slender, curved, dark-colored spines which are 
surrounded by smaller spines and warts. Large spines up to 2 mm long and 
standing together in clusters of three to six, sometimes with their bases united 
and convergent at the apex, and on falling off reveal pale areolae which give 
the inner peridium a reticulate surface. Pieces of hyaline pedicels may be 
mixed with the spores. 
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Specimens examined in DAOM: F9538, Ingolf, Ont.; 28003, Petawawa 
Forest Experiment Station, Ont. 


Lycoperdon perlatum var. peckii (Morg.) comb. nov. 
Lycoperdon peckii Morgan, J. Cinn. Soc. Nat. Hist. 13: 15. 1891. 


Cortex composed of tapering whitish to pale brownish spines up to 1.5 mm 
long, which usually split only at the base into two to four parts, and are 
convergent at the apex in little stellate groups, with small warts or nodules 
regularly arranged between the spines so that when the large spines fall off 
a reticulate inner peridium is revealed. 


Habitat: on the ground. Sept. 


Specimens examined in DAOM: 27989, 29452, Bell’s Corners, Ont.; 26299, 
Merivale, Ont. 


This variety appears to be rare in this area, but is easily distinguished from 
var. nigrescens by the pale color of the spines and from the other varieties 
by the fascicled spines with flaring bases and cohering tips. 

Our specimens are immature but closely resemble the description and 
illustrations of L. peckit as given by Coker and Couch (1928), except the large 
spines are described as having a “delicate and pretty purplish lavender color”’ 
when fresh and as changing to a buffy-brown at maturity. The lavender 
color cannot be seen in the dried specimens and since our plants are still 
immature, the color of the spines is very pale. 

Morgan (1891) stated that his L. peckii is L. echinatum sensu Peck (1879), 
and Coker and Couch (1928) examined plants in the Ellis collection at the 
New York Botanical Garden ‘‘from Peck labelled L. echinatum which are 
L. peckii.”” They found that their plants agreed with those of Peck’s, although 
Peck (1879) described the plants as having a smooth inner peridium. According 
to Coker and Couch (1928), ‘‘A difference in age of plants might easily account 
for such a discrepancy.” 

Coker and Couch (1928) stated that the ‘“‘most important difference between 
the present species [L. peckii] and L. gemmatum, which is nearest, and of 
which this might be considered as a variety, is the tapering fascicled spines 
with tips united.’’ Coker and Couch’s (1928) concept of L. peckii has been 
followed, but the species has been considered as a variety of L. perlatum. 


Lycoperdon pulcherrimum B. & C., Grevillea, 2: 51. 1873. 
Lycoperdon frostii Peck, Trans. Albany Inst. 9: 301. 1879. 
The following description was copied from Coker and Couch, p. 72-73. 
“Plant 1.8-4.5 cm. broad and about the same height, tapering below to a 
slender root, covered at first with very long, slender, pure white then pale 
tan spines, which are united into groups by their tips and which finally fall 
away from the upper part of the plant, leaving the smooth, shining, deep 
brown, purplish brown or silvery brown surface of the inner peridium exposed 
and not reticulated. Gleba white then passing through olivaceous to dark 
purple-brown; subgleba occupying about one-third or slightly more of the 
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plant. Odor when maturing distinctly aromatic, somewhat like that of L. 
marginatum, but not nearly so offensive. 

Spores (of No. 477) with a large oil drop and no obvious stalk, globose, set 
with short blunt spines, 4—4.7 uw thick, not counting the spines, average about 
5 mw with spines. Capillitium much branched, long and tapering, the lesser 
branches about the size of the spores, the main branches up to 8.6m in 
diameter in places.” 

A collection (DAOM 27445) of an immature fungus which seemed to be 
L. pulcherrimum was made near Lake Opinicon, Ontario, at the Queen’s 
Biological Station and for this reason a description of the species has been 
included. Fhe Lake Opinicon specimens had long white spines which seemed 
to correspond well with those illustrated by Morgan (1891), but none of the 
internal characteristics of the fungus could be determined due to the immatu- 
rity of the fruit bodies. 

L. pulcherrimum is characterized by its long white spines which leave a 
smooth inner peridium when they fall away, and by the spores which are 
warty at a magnification of 440. 


Lycoperdon pusillum Persoon, Jour. de Bot. 2: 17. 1809. (Fig. 8) 

Basidiocarp 7-19 mm in diameter, globose to’ subglobose, sessile, sometimes 
plicate beneath, with a slender or stout, cord-like, basal rhizomorph or with 
a few branched, white rhizomorphs attaching it to the substratum; white 
when immature, becoming buff and finally a light brownish olive (R) to a 
dull brown at maturity; cortex may be felty to floccose at first, usually be- 
coming aggregated into a dense covering of granules or of spines convergent 
at their tips and separating from each other on drying, or breaking up into 
areolate patches and shrinking to flake-like particles which are slowly decidu- 
ous, or the surface may be mealy or furfuraceous, often resembling dried up 
soap suds; inner peridium paler, somewhat farinaceous, becoming shiny; 
pore apical, slow to form, often lobed, 2-5 mm in diameter; gleba white at 
first, becoming pale yellow, olive-brown, and sometimes a deep brown; 
subgleba absent; capillitium light to medium brownish yellow, walls distinct, 
usually up to 0.8 (1.5) mw thick, with inconspicuous pits in the larger threads, 
branched, occasionally septate, tapering gradually to the tip with tapered 
portions paler and sinuous, some irregular thickenings along the edge, 3.5—5 
(6.5) mw in diameter; spores concolorous with the capillitium, globose, with a 
minute pedicel, smooth to faintly dotted, at a magnification of 440, smooth 
to faintly dotted to minutely spiny at a magnification of 950, 4-5 win diameter. 


Habitat: Densely gregarious, subcaespitose, or scattered on sandy soil, in 
woods or in pasture. Aug.—Oct. 


Specimens examined in DOAM: 27990, 27991, 27992, 28020, 29453, 29455, 
29456, 29458, 29460, 45103, 45114, 45949, Bell’s Corners, Ont.; 25783, 27400, 
27437, Fitzroy Harbour, Ont.; 29495, Franktown, Ont.; 25781, Lake Opinicon, 
Ont.; 27975, 28018, Merivale, Ont.; 27401, 27413, 27414, 27968, 29495, 
45076, 45078, 45086, North Gower, Ont.; 27407, Ottawa, Ont.; 16760, Peta- 
wawa Forest Experiment Station, Ont.; 34553, 37592, Kingsmere, Que.; 
25785, Sand Bay, Que.; 39421, Moore's Falls, N.S. 
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Lycoperdon pusillum is one of the common small species of Lycoperdon. It 
is readily distinguished by its small size, by the absence of a subgleba, and by 
the granular nature of the cortex, which often resembles dried up soap suds. 
The smaller mature forms of L. curtisii B. & C. may be confused with this 
species but they are readily distinguished from the latter by the presence of 
a subgleba and hyaline capillitium. 

L. pusillum has been included as a synonym of L. ericetorum by Perdeck 
(1950), as he states that ‘‘Persoon (1809) distinguishes L. pusillum only by 
its small size.’” Most authors have treated L. pusillum as a separate species, 
distinguishing it by the absence of a subgleba. However, Perdeck (1950) does 
not agree with this as he “found all transitions between big and small speci- 
mens, even growing in the same spot”’ and he also “found all stages between 
the absence and the strong development of the subgleba in specimens in one 
locality.”’ Perdeck’s term ‘locality’ is rather indefinite and could easily refer 
to a number of specimens collected in the same area, rather than a single 
collection, and so the presence or absence of the subgleba does not bear too 
much significance in this case. Our specimens have all been of the same type 
from one collection and have been without the subgleba even though a col- 
lection of the cepaeforme form of L. ericetorum has been found close by. For 
this reason, we prefer to keep L. pusillum as a separate species. 


Lycoperdon pyriforme Pers., Syn. Meth. Fung. p. 148. 1801. (Fig. 7) 

Basidiocarp up to 4.5 cm high and 3 cm broad, ovoid to pyriform, sometimes 
slightly plicate beneath with abundant white fibrous mycelium, white at 
first but becoming cinnamon buff (R) and finally tawny olive (R), Saccardo’s 
umber (R) to snuff brown (R); outer coat a thin, persistent coat of minute 
reddish-brown, furfuraceous scales, granules or spinules, which are rough to 
the touch (like a file) and may partly disappear exposing the yellow-brown, 
smooth, inner peridium, or the cortex may be divided into areolae which 
redivide into smaller indistinct units of small granules; pore apical, slow to 
form, up to 6 mm in diameter; gleba white at first, becoming light brownish 
olive (R), with a distinct columella; subgleba white to creamy or pale brown, 
composed of small cells, occupying the stem-like base or tapered portion and 
extending up the sides; capillitium dark reddish brown to yellow-brown, with 
distinct darker walls up to 1.5 uw in some threads, branched, attenuated toward 
the ends and sinuous and paler in the thinner portions, 3.5—5 (6.5) u in diame- 
ter, often mixed with hyaline septate threads; spores lighter than the capil- 
litium, globose, smooth 3.5—4 (5) wu in diameter. 


Habitat: Usually caespitose, sometimes in very large clusters and sometimes 
single. On rotten logs and stumps or on ground rich in wood debris. Aug. to 
Oct. 


Specimens examined in DAOM: 25777, Algonquin Park, Ont.; 29498, Bell’s 
Corners, Ont.; 4230, Brant Co., Ont.; 39419, Combermere, Ont.; 25800, 
Dorset, Ont.; 22165, Fitzroy Harbour, Ont.; 29466, Moore Lake, Haliburton 
Co., Ont.; 27984, North Gower, Ont.; 22207, 29672 (tessellatum form), 5748, 
Ottawa, Ont.; 16765, 16773, 16267 (desmaziéres form), Petawawa Forest 
Experiment Station, Ont.; 25803, Telephone Creek, Queen’s Biological 
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Station, Ont. ; 25776, 27462, 37589, Kingsmere, Que. ; 45088, Meach Lake, Que.; 
16964, St. Aubert, Que. ; 39404, Aylesford Lake, N.S.; 39411, 39423, Kentville, 
N.S., 27438, Ithaca, Mich., U.S.A. 


Lycoperdon pyriforme can be easily recognized by its pyriform shape, by the 
fairly persistent character of the outer peridium which feels like a file when the 
tip of the finger is run over the surface, and by the smooth, globose spores. 
Cunningham (1942) has reported that all the spores he has examined are 
provided with delicate verrucae, but these have not been observed on spores 
from our collections. 

Hollos (1904) distinguished three varieties of L. pyriforme: var. excipuliforme 
Desmaz. with an elongated stalk; var. ¢essellatum Pers. with angular and round 
areas and reticulate surface; and var. serotinum (Bon.) Hollos with flat 
brownish-red plates or little spines. Lloyd (1905) distinguished five varieties 
or forms and gave them all specific rank although he considered them to be 
forms of L. pyriforme: L. serotinum, L. tessellatum, L. desmazieres (var. excipuli- 
forme of Hollos), Z. faveolum Lloyd with the surface covered with large pits, 
and L. pseudoradicans Lloyd with the sterile base developed into a root like 
projection. 

In the Ottawa area, there are two main forms of L. pyriforme, the typical 
form with the surface appearing smooth and the other with an areolate surface. 
The areolate surface appears to be very similar to that shown in Lloyd’s 
Plate 50, Figs. 1 and 2, and Plate 61, Figs. 1-3, of L. serotinwm (Lloyd 19050). 
One collection of both var. tessellatum and var. excipuliforme has been found 
in this area. However, it is difficult to determine whether these forms are 
true varieties and whether the characteristics are constant as some of them 
may be due to unusual climatic conditions. 


Lycoperdon rimulatum Peck in Trelease, Trans. Wisc. Acad. Sci. Arts and 
Letters, 7: 117. 1889. 


Basidiocarp depressed-globose or flattened, with or without a small umbo 
above, 1.6—-4 cm broad and 1.4-2 cm high, nearly always broader than tall, 
plicate below with a small slender root-like projection of fibrous mycelium, 
white at first but becoming cinnamon-buff (R) to tawny olive (R) with a 
purplish cast from the spores, paler below; outer peridium smooth and felt-like 
when young, soon becoming rimose, finally rimulose, sometimes indistinctly 
so, and thinner as the plant matures, gradually flaking off revealing a shiny 
to slightly farinaceous, wrinkled, deep olive-buff (R) or paler, inner peridium, 
often with a purplish cast from the spores; pore apical, up to 5 mm in diameter; 
gleba white at first, changing to yellow, olive-brown, and finally purple-brown 
at maturity; subgleba becoming concolorous with the gleba, cellular, broad, 
and flattened, occupying up to one-quarter of the fruit body; capillitium dark 
yellow-brown to chocolate brown, with distinct darker walls up to about 1 yu 
thick (occasionally 1.5 4), simple, occasionally branched and with a very few 
septa, irregular thickenings along the edge, tapering, smaller than the spores, 
3.5-5 (6.5) w in diameter; spores concolorous with the capillitium or some- 
times with a purplish tinge, globose, distinctly warted with the warts embedded 
in a hyaline envelope which surrounds the spore, 5.5-7.5 (8) uw in diameter 
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including the warts, pieces of hyaline pedicels up to 25 yw long still attached 
to some of the spores or lying free in the mount, leaving a short basal part 
attached to the spore when they break off. 


Habitat: on the ground in fields or pastures. Aug.—Oct. 


Specimens examined in DAOM: 22151, 22160, 25778, 25807, 29484, 
Fitzroy Harbour, Ont.; 39391, 39409, Kentville, N.S. 


L. rimulatum is an uncommon species in the Ottawa area and appears to 
be quite variable in the characteristics of the cortex. When very young, the 
plants are white with a fairly thick, felt-like cortex which quickly becomes 
rimose over the upper surface. As the plant matures a few nodules may form 
near the pore, the cortex darkens, becomes more finely divided, much thinner, 
and finally peels or flakes off leaving the inner peridium, which may become 
very wrinkled. The degree of rimulation at maturity varies considerably from 
one plant to another, and if the outer peridium has fallen off, there is no 
evidence of the rimulose nature of the plant. The plants, when mature, have 
a purple-brown gleba and a small concolorous, cellular subgleba. The spores 
are strongly warted and including the warts, are larger than those in other 
species of Lycoperdon, while the capillitium threads are of a smaller diameter 
than the spores. 


Lloyd (19055) considered L. subvelatum Lloyd to be a southern form of 
L. rimulatum in which the cortex is thick and breaks into distinct areas which 
loosen and fall away. From mounts made from the two specimens from Florida 
in Lloyd’s Herbarium (Lloyd 50644 and 50645) the spores and capillitium 
were found to be the same as in a typical L. rimulatum, with the exception 
that spores 8 uw in diameter occurred more frequently. Microscopically these 
two species are the same, but the cortex in L. subvelatum is thicker and divided 
into distinct areas in No. 50645 from Lloyd’s herbarium. This collection is 
from Grasmere, Florida, was collected by C. H. Baker, and should be con- 
sidered the type of L. subvelatum as it is the fruit bodies in this collection which 
Lloyd illustrated in Plate 56, Figs. 10 and 11 (1905) and on which he based 
his species or form. From the microscopic characteristics, it would seem that 
L. subvelatum is merely a form or variety of L. rimulatum. However, before 
any definite conclusions can be drawn, it is necessary to examine a much 
larger number of fruit bodies. 


Lycoperdon spadiceum Persoon, J. de Bot. 2: 18. 1809. 

Basidiocarp 10-17 (25) mm in diameter, globose to subglobose, sessile, 
slightly plicate beneath and with a small, cord-like, basal rhizomorph which 
becomes covered with soil; white at first but becoming cream buff (R) chamois 
(R), isabella color (R), or dark olive-brown (R) at maturity; cortex at first 
composed of floccose granules which may become aggregated to form small 
spinulose granules with their tips convergent at first, but on drying the 
granules separate, gradually falling off to reveal the inner peridium, which is 
shiny, smooth and somewhat farinaceous; pore apical, slow to form, 2-3 mm 
in diameter; gleba white at first but becoming yellowish and finally olive- 
brown at maturity, fairly distinctly separated from the subgleba; subgleba 
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concolorous with the gleba or sometimes with a purplish tinge, cellular, 
occupying up to one third of the basidiocarp, often considerably less, capilli- 
tium light brownish yellow with.a distinct darker wall up to 0.8 uw thick, but 
usually thinner, conspicuously pitted, branched, tapering toward the tips, 
occasionally septate at the point of branching, sinuous and paler in the thinner 
portions, irregular thickenings along the edge, 3.5—5 (6.5) wu in diameter; spores 
concolorous with the capillitium, globose, mostly with a small pedicel, usually 
smooth at a magnification of 440, but minutely spiny or faintly dotted at a 
magnification of 950, (3.5) 4-5 uw in diameter. 


Habitat: on the ground, Aug.—Oct. 


Specimens examined in DAOM: 29496, Franktown, Ont.; 27403, 27980, 
Merivale Road, Ont.; 39433, Ottawa, Ont. 


Lycoperdon spadiceum Pers. is a new species in the Ottawa district and this 
may constitute the first report of the species in Canada. Peck (1879) described 
a common fungus which he called L. pusillum Fr. which is like our fungus, 
whereas MacBride and Allin (1896) described an uncommon fungus like 
both Peck’s and the fungus under discussion and called it L. pusillum Batsch. 
However, since the fungi described as L. pusillum by Peck (1879) and Mac- 
Bride and Allin (1896) have a cellular subgleba they are not the same as L. 
pusillum Pers. or as L. ericetorum Pers. var. cepaeforme (Bull. ex Pers.) n. 
comb. and could very well be L. spadiceum Pers. 

Lycoperdon spadiceum Pers. can easily be distinguished from L. ericetorum 
var. cepaeforme with the compact subgleba and L. pusillum without a sub- 
gleba, by the presence of its small cellular subgleba, although the other charac- 
teristics are the same. 

The above description was made from our own collections of what seems to 
be this species and differs somewhat from Perdeck’s description. Perdeck 
(1950) described the fungus as being 1.2—5 (9) cm high and 1—4 (6) cm broad 
with a “height—width ratio of 2/1 to 3/4 sessile or with a more or less distinct 
stem.”’ He described the surface as sometimes having white granules, but made 
no mention of pits in the capillitium. With only the few collections we have 
at our disposal it would be difficult to find the same amount of variation in 
the size of the fruit bodies. Otherwise, our fungus seems to be almost identical 
with that described by Perdeck. 

Cunningham (1942) definitely distinguishes L. spadiceum by the freely 
branched capillitium and cellular subgleba, and Lange (1948) has reported 
this same species from Greenland and both describe it as a small species 
reaching a diameter of 24 mm. According to Perdeck, L. molle of Morgan, 
Hollos, and others may be this species. 


Lycoperdon subincarnatum Peck, Ann. Rep. N.Y. St. Mus. 24: 83-84. 1872. 
(Fig. 9). 

Basidiocarp 1—2.5 cm broad and 1—2.5 cm high, depressed-globose, globose, 
or short pyriform, usually sessile and some with a broad point of attachment, 
sometimes plicate beneath, attached by strands of white fibrous mycelium, 
usually buffy brown (R) to wood brown (R), but also close to olive-brown 
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(R); cortex at first composed of brown to reddish brown, small, separate, 
subpyramidal warts or small spines with their tips connivent, which slowly 
wear away revealing the paler, pinkish buff (R) to avellaneous (R), pitted, 
inner peridium at maturity; inner peridium firm, tough, marked all over by 
pits outlined by acute ridges, like a thimble, but pits may be evident through 
the warts and spines; pore apical, 3-4 mm in diameter, conspicuous; gleba 
with distinct radiating lines when young, white at first, becoming yellowish 
and finally tawny olive (R) to Saccardo’s umber (R) and often with a greyish 
tinge; subgleba white to light straw-colored to light brownish, usually very 
small, but may occupy up to one-third of the basidiocarp; capillitium hyaline 
or nearly so, septate, rarely branched, walls variable in thickness, usually 
thin, often encrusted, irregular thickenings along the sides, 3.5-6.5 mu in 
diameter; spores light yellowish brown, globose, with a minute pedicel, rough 
at a magnification of 440, small spines at a magnification of 950 with spines 
projecting into a thin, hyaline envelope which surrounds the spores, 4-5 uw 
in diameter. 


Habitat: usually caespitose, on dead wood. Late Aug.—Oct. 


Specimens examined in DAOM: 22166, 27996, 29492, Bell’s Corners, 
Ont.; 39440, Dorset, Ont.; 16752, Dunrobin, Ont.; 5719, 5737, 11901, 16766, 
Petawawa Forest Experiment Station, Ont.; 7794, Blue Sea Lake, Que.; 
7795, Calumet, Que.; 29487, Cantley, Que.; 2516, Chelsea Station, Que.; 
22200, Eardley, Que.; 29447, Fortune Lake, Que.; 22176, 27439, 45117, 
Gatineau Park, Que.; 37586, Kingsmere Road, Que.; 26235, Meach Lake, 
Que.; 39413, Cape Split, Kings Co., N.S.; 45071, Gainesville, Fla., U.S.A. 


L. subincarnatum Pk. is found on decaying wood and may be either caes- 
pitose or gregarious. It is easily recognized by its habitat on decaying wood, 
the pitted inner peridium like a thimble, the pinkish brown color of the cortex 
and the thin-walled, septate, hyaline or nearly hyaline capillitium. 


Lycoperdon umbrinum Pers., Syn. Meth. Fung. p. 147. 1801. (Fig. 6). 
Basidiocarp 1.5—4 cm high and 1.5—2.5 cm broad, pyriform with a tapering 
base to broadly turbinate or subglobose with or without a short base, plicate 
beneath, attached by white fibrous mycelium, variable in color, cream-buff 
(R) to chamois (R) to honey-yellow (R) to clay (R), usually paler below; 
outer peridium mostly persistent, composed of small, dark, slender spines up 
to 0.5 (1.0) mm long, usually well separated, and smaller spines and a few 
granules, some larger spines may be convergent but never in regular groups; 
inner peridium smooth, shiny and paler in color, revealed between the spines 
and granules or by the falling off of the spines; pore apical, 3-5 mm in diameter; 
gleba white at first but becoming olive-brown at maturity with a small pseu- 
docolumella; subgleba varying from white to olive-brown to brown with a 
purplish tinge, occupying one-third to one-half of the basidiocarp, cellular; 
capillitium yellow-brown with walls up to 0.8 (1.6) uw thick, pitted, branched, 
occasionally septate, irregular thickenings along the edge, tapering, sinuous 
in the thinner portions, 3.5—5 (6.5) uw in diameter; spores almost concolorous 
with the capillitium, globose with a small pedicel, minutely spiny at a magnifi- 












































382 





CANADIAN JOURNAL OF BOTANY. VOL. 39, 1961 


cation of 950 with some appearing smooth, 4-5 (5.5) uw in diameter including 
spines. 


Habitat: on the ground, usually in woods. Aug.—Nov. 


Specimens examined in DAOM: 29469, 28019, Bell’s Corners, Ont.; 22170, 
Constance Bay, Ont.; 48147, Fallowfield, Ont.; 22184, Fitzroy Harbour, Ont.; 
27429, Merivale, Ont.; 27402, 27418, 28021, 45074, 45080, 45094, 45095, 
North Gower, Ont.; 27444, 28014, Ramsayville, Ont.; 26233, Dunham, Que.; 
45098, Speaker’s Falls, Gatineau Park, Que.; 27398, 27966, Wolff Bog, Mich., 
U.S.A. 


This species is recognized macroscopically by the presence of the dark- 
colored, slender spines and the olive-brown gleba, and microscopically by the 
spores which appear smooth at a magnification of 440 but are minutely spiny 
at a magnification of 950. The dark, slender spines are variable in size, mostly 
about 0.5 mm long but some longer with shorter ones and occasionally a few 
spinulose granules; they usually occur singly rather than in groups and cover 
nearly the whole surface of the fruit body. 

This is not the concept of the species according to many authors who have 
included in L. wmbrinum specimens with spores distinctly warty at a magni- 
fication of 440 and with pale-colored long or short spines and granules fre- 
quently mixed together or specimens with minutely warted spores at a magni- 
fication of 950 and pale-colored small spines and granules. Perdeck (1950), 
who had studied Persoon’s specimens, designated a lectotype (HLB 911.81-14) 
of the species and provided a description. A slide from this lectotype specimen 
was examined and the spores and capillitium of our specimens were the same 
as those on the slide. Therefore we feel that the specimens listed above are 
Lycoperdon umbrinum Pers. 
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GROWTH AND MORPHOGENESIS IN THE CANADIAN FOREST 
SPECIES 


IV. RADIAL GROWTH IN BRANCHES AND MAIN AXIS OF PINUS 
RESINOSA AIT. UNDER CONDITIONS OF OPEN GROWTH, 
SUPPRESSION, AND RELEASE! 


By Dorotuy F. FoRWARD*? AND Norau J. NOLAN? 


Abstract 


The analysis of growth of a pine tree has been extended to include the primary 
branches, and this paper reports observations on radial growth, as expressed 
by ring width. 

Trees from contrasting situations are compared, and the deliberate release of 
one tree from suppression permits the attribution of specific changes in growth 
to the change in external condition of the tree. 

The primary branches provide a series of axes that automatically undergo a 
change in nutritional status, although the distal portions of all of them are 
produced simultaneously. Every primary branch is initiated at the apex of the 
tree and each year is overlaid by one more whorl of branches; so it advances to 
a relatively lower position in the tree each year, and itself adds one more 
internode. 

The upper branches and those portions of lower ones that were formed while 
near the top of the tree repeat the pattern and configuration of growth in the 
main axis. Advance of a branch to an inferior position is associated with severe 
suppression and a redistribution of growth gradients. 


I. Introduction 


The growth of a tree is a complex phenomenon compounded of responses 
of its primary apical meristems and its secondary cambial meristems to both 
intrinsic and extrinsic forces which are not uniform either in time or in locality 
within the tree. In earlier publications of this series Duff and Nolan (1, 2, 3) 
have analyzed the components of growth of the main axis of pine trees, and 
have devised means of distinguishing between the influences of intrinsic and 
extrinsic factors. The methods of analysis proposed by Duff and Nolan have 
been applied by Mott et al. (8) to radial growth of balsam fir, tamarack, and 
lodgepole pine, all of which species manifest a distribution of ring width 
through the main trunk like that described for red pine. The observations of 
Onaka (9), while not complete for all internodes, are consistent with the exist- 
ence of a similar pattern in Pinus densiflora Sieb. et Zucc. It is probable that 
the distribution of growth revealed by analysis of red pine is of general occur- 
rence, at least among conifers. The principal aim of this communication and 
the one to follow is to describe the results of analysis of branch growth and 
to determine whether the same general principles evoked to explain the distri- 
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bution of growth in the main axis will also account for that in the primary 
branches. 

During its development a branch automatically undergoes a change of 
status within the tree, and so affords an opportunity to trace the effect upon 
its growth. A pine tree produces annually one whorl of branches which sub- 
tends the currently terminal internode of the main axis, and in progression 
from the apex of the tree downward these whorls provide a series of branches 
of increasing age, and, at the same time, of changing position relative to 
other branches of the tree. Each branch, during its development, occupies a 
position in first the top and then in progressively lower whorls, and is overlaid 
by more and more whorls. This implies a change in nutritional status and has 
its association with both intrinsic and extrinsic factors. At least with respect 
to exposure to light, its position deteriorates, and this is accentuated in a 
close plantation where neighboring trees interfere with lateral illumination. 
Indeed the lower branches of suppressed trees lose their foliage and die, 
while a tree in the open remains branched and foliated almost to the ground. 

The analysis that follows will show how the changing status of a branch 
as it develops is reflected in the growth of its successive internodes and suc- 
cessive rings. It will compare wood growth in trunk and branches of open- 
grown and plantation trees, and of one that was released from suppression 
when partially grown. This last tree, in particular, yields the opportunity to 
associate certain aspects of growth with a deliberate change in external con- 
ditions. The complete analysis of growth of both main axis and primary 
branches of even four trees has required such extensive treatment that it 
cannot all be encompassed in a single paper of manageable proportions, and 
the subject matter of the present paper will be restricted to a consideration 
of radial growth as represented by ring width. Other aspects will be dealt 
with in following papers. 


II. Materials and Derivation of Data 
1. Specimen Trees 

Four trees provided the data for analysis. These were young trees, in the 
range of 25-30 years old, from different ecological situations and of different 
growth habit, as follows. 

Tree K55.i grew in the Petawawa Forest Experiment Station, Chalk 
River, Ontario. Although it was originally a member of a plantation, early 
casualties left it isolated and it grew as an individual free from interference 
by any neighbors. It was felled and sectioned in September, 1955. 

Tree C53.5 grew near a roadside in Camp Borden, Ontario, clear of the 
forest by 30 ft, and 60 ft from trees in other directions. It was selected as an 
open-grown unsuppressed tree. When it was sectioned, however, internal 
evidence of a certain amount of unilateral suppression was found. This was 
regarded as insufficient to be of any serious consequence, but was the reason 
for including a second open-grown tree (K55.1) in the survey. It was cut and 
sectioned in September, 1953. 

Tree XA57.18 was from a plantation in the North Barr Tract of the Drury 
forest near Craighurst, Ontario. It was situated in a plot marked out on a 
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southern slope where growth was maximal. The trees were planted with a 
6’X6’ spacing and in 1950 serious mutual suppression was evident. The 
specimen tree was cut and sectioned at the beginning of October, 1957. 

Tree XA58.9 was from the same plot as XA57.18 and grew under closely 
similar conditions until September, 1950, when that portion of the plot in 
which it stood was thinned to a spacing of 24’ 24’ by removal of the appro- 
priate trees. From 1950 to 1958 it grew under markedly improved conditions 
because of the removal of its neighbors. As the specimen tree itself and its 
nearest neighbors now responded by increased growth some signs of mutual 
interference again developed gradually, but its situation continued to be 
distinctly superior to that of its companion tree XA57.18, which remained in 
the 6’X6’ stand. Tree XA58.9 was collected in September, 1958. 


IT.2. Preparation of Wood Sections 

When a tree was taken for analysis the general procedure was as follows. 
The peak of the tree with the topmost three or four whorls of branches was 
first removed, then individual branches, those of one whorl being kept to- 
gether. Each branch was identified by a label bearing the number of the 
branch and the number of the whorl in which it was situated. The main axis, 
after being freed of branches, was taken down in portions, the internode 
lengths measured, and a section cut from the middle of each internode in 
series extending from the apex as far down the tree as internodes could be 
certainly identified. The severed branches were carefully denuded of their 
foliage, the weight of which was recorded for future use, and the branches 
were transported, along with the serial sections of the main axis, to the labora- 
tory. Here the lengths of branch internodes were measured and from one to 
three branches from each whorl systematically sectioned for the mensuration 
of all their internodes. One surface of each section was polished by sanding 
and was ready for examination. 


IT.3. Measurement of Ring Width and Derivation of Data 

In sections of the main axis the radius and the width of every wood ring 
along each of either four or eight radii were measured with a travelling micro- 
scope by direct reading from the vernier scale. ‘‘Ring width” (7,— r,-1) is 
the arithmetic mean of the four or eight individual measurements. In the 
sections of branch internodes the rings were too narrow for accurate measure- 
ment by this means and the ring widths were measured at higher magnifi- 
cation using a microscope equipped with a calibrated ocular. The radius of 
the pith was measured and the distance of each ring from the center of the 
branch section was obtained by summing the widths of all rings internal to 
it and adding the radius of the pith. Ring width (r,— 7,1) and radius (r,-1) 
are again the means of measurements made along four or eight radii. 

It would be unprofitable to repeat here any extensive explanation of the 
concepts employed in the analysis of tree growth based on the serial mensura- 
tion of internodes, and the reader is referred to the earlier publications in 
which they are described and interpreted (1, 2). However, for the sake of 
convenience, brief definitions of the internodal sequences to be employed are 
included here. 
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Type 1 Sequence 

This is a sequence showing the values of any index of growth that are 
encountered in successive internodes, counting from the apex of the tree or 
branch, in rings laid down in any one year. Such a sequence proceeds diagon- 
ally downward and outward including for example the single ring of the first 
internode and the outermost ring in each succeeding internode, or in a different 
sequence, the innermost ring of the second internode and the second last ring 
formed in each lower internode. Such sequences follow the diagonal lines in 
a histogram of the kind shown in (1, Fig. 5). They are called oblique sequences 
by Mott e¢ al. (8). 

Type 1 sequences reveal pattern, which has been defined (1) as “‘a certain 
uniformity or pattern in the distribution of growth activity no matter what 
the circumstances of growth may be.”’ 


Type 3 Sequence 

This is a sequence of values of any index of growth in successive internodes 
in rings laid down by internodal cambia of uniform age. Such a sequence 
proceeds vertically downward in a trunk or branch, for example from the 
single ring of the apical internode to the innermost ring of all successively 
lower internodes, i.e. through all internodes formed by the internodal cam- 
bium in the first year of its existence. Such sequences follow the vertical lines 
in the histogram of (1, Fig. 5) and consequently pass from the internodal 
ring laid down in the final year of the tree’s growth to rings laid down in 
earlier and earlier years, in lower internodes. They are called vertical sequences 
by Mott et al. (8). 

Type 3 sequences reveal configuration, which has been defined (1) as “‘regu- 
larity in the distribution of growth activity which, however, is not the same 
under all circumstances but varies with variation in such conditions as site 
and stand density’. They reveal also random fluctuations or irregularities 
that result from climatic annual variations. 


Type 4 Sequence 

This is a new type of sequence which we introduce for the analysis of 
branch growth. It is a composite sequence involving branches in various 
whorls at the time of analysis, but bringing together internodal rings that 
existed in a particular whorl of branches at the time the ring was laid down. 
It is, in effect, a type 3 sequence that eliminates the effect of ultimate position 
of the branch on the tree by using the whorl number that is contemporary 
with the formation of each internodal ring instead of that which refers to the 
to the time of mensuration of the tree. We suggest that sequences of this 
type be called ‘‘contemporary whorl sequences’’. 


III. Analysis of Ring Width 


III.1. Type 1 Sequences 

The ring width of trees grown under different conditions has been shown 
to exhibit ‘‘pattern’’ in the upper internodes of the main axis (1). The pattern 
was qualitatively of uniform character under all circumstances but subject to 
quantitative modification. In a suppressed tree ring width in type 1 sequences 
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rose to a maximum in those internodes that were in the second or third year 
of their existence, and declined markedly in older internodes. In an open- 
grown tree the maximum ring width was greater in magnitude, was achieved 
only in internodes in their 7th-10th year, and subsequently declined less 
conspicuously. In a tree whose condition gradually improved or deteriorated 
a corresponding change in pattern of ring widths ensued. 

The first inquiry to be undertaken is whether the growth of branches 
reveals a similar pattern and similar quantitative modifications by a change 
in the conditions of growth. Pattern, since it emerged under all growth con- 
ditions observed, was believed by Duff and Nolan to be determined mainly 
by an intrinsic factor which was tentatively associated with a nutritional 
factor related to the distribution of foliage on the tree, and only secondarily 
by extrinsic factors, which are responsible for its modifications. A branch 
automatically undergoes a progressive change in its relative position in the 
tree as it develops and this affects both the intrinsic “nutritional” factor and 
certain extrinsic factors, such as light incidence. A consequence of the annual 
addition of whorls is that in any branch in whorl n only the ring laid down in 
the final year of growth grew while the branch was in the mth whorl. The ring 
of the previous year was laid down in whorl »—1, and so on, the first ring laid 
down in the basal internode having been produced while the branch was in 
the uppermost whorl of the tree. Differences in successive type 1 sequences 
may therefore be expected to reveal the effects of the progressive change in 
position of the branch. We have examined such sequences in main axis and 
branches of our four specimen trees and the results are set forth below. 

It is manifestly impossible to show all the data accumulated in the analysis 
of these trees, and in all figures used in this and subsequent sections it has been 
our policy to select the minimum number of sequences that will illustrate a 
point and wherever possible to bring together data for representative branches 
and the main axis. Only in this way is it possible to simplify the presentation 
to the point where it is feasible to make convenient comparisons. Care has 
always been taken to select data that are representative. 


Tree K55.1 (Open Grown) 

Ring widths in the main axis display an obvious pattern of the conformation 
already described for a rapidly growing tree in the open (1, Fig. 8). Type 1 
sequences of three rings of the main axis, those of 1955, 1951, and 1947 appear 
in Fig. 1 as solid lines. The second mode of plotting as described in (1) is em- 
ployed, making the apical origins of all sequences coincide at the origin of the 
graph. Obvious characteristics of the pattern are broad rings, reaching a 
maximum width of 7-11 mm within about 7 years from the origin of the ring. 
The decline in older internodes is not obvious in the three sequences portrayed 
but in the stem as a whole it was real, though very slight. 

For comparison with the main axis, the rings laid down in selected years 
in four branches are also shown in Fig. 1. These four branches were respectively 
in whorl 14 initiated in 1942, whorl 9 initiated in 1947, whorl 5 initiated in 
1951, and whorl 2 initiated in 1954. Each whorl comprised 4-7 (mean 6.0) 
branches and only one branch was analyzed. It will appear later that, so long 
as obviously dwarfed branches are avoided, all branches in a whorl are similar 
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and any one may fairly be chosen to represent its whorl. Since the rings laid 
down in the branches were much smaller than those of the main axis a dif- 
ferent ordinate scale has been used in order to reveal any pattern that exists, 
and the same applies to later graphs. Such a pattern is obvious in whorls 
close to the top of the tree. Rings laid down in branches in 1955 are marked 
’55 at the end of the sequence. In the upper nine whorls a pattern is obvious 
in the 1955 ring but in the 14th whorl from the top of the tree little or no 
pattern exists. This was true of the 10th to the 15th whorl, and is obviously 
the result of suppression due probably to shading by the upper branches. It 
is noteworthy that these branches without pattern arise from nodes corre- 
sponding to those internodes where the main axis shows a very slight decline 
in ring width. 
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Fic. 1. Type 1 sequences of ring width for the open grown tree K55.1, plotted accord- 
ing to the second mode, in which the sequences are displaced on the time scale and the 
origins made to coincide at the origin of the abscissal scale. Solid lines represent the main 
axis, other lines the branches. After each sequence appears the year in which it was formed, 
and in parentheses, the number of the whorl in which the branch finally occurred, followed 
by the whorl in which it occurred when the ring was formed. 


When we turn to earlier-formed rings in the same branches we find, for 
instance in that of whorl 14, that a definite pattern exists. But in 1950 this 
whorl was 9th from the top so it is comparable not with the 1955 ring of 
whorl 14 but with the 1955 ring of whorl 9. These two sequences are shown in 
dotted lines and are closely alike in pattern. Similarly the ring laid down in 
1946 in what is now whorl 14 was then in the 5th whorl and is comparable 
with that in whorl 5 of the present tree. These are shown by broken lines 
along with the ring of the present whorl 9, which was whorl 5 in 1951. The 
final example selected is the present whorl 2 and that ring of whorl 5 that 
was laid down when the branch was in the 2nd whorl from the top. These 
show the same sharply ascending trend as the main axis in corresponding 
internodes. 
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It is clear that the branches exhibit essentially the same ‘‘pattern’’ of 
cambial activity as does the main axis provided they are near the top of the 
tree, but that as they are shaded by higher whorls of branches signs of sup- 
pression appear. In this open grown tree annual rings that were laid down 
when in the top 9 or 10 whorls exhibit ‘‘pattern’’; those laid down when in 
lower whorls do not. In rings laid down in the 5th and 9th whorls, however, 
there is an indication of mild suppression in the circumstance that maximum 
ring width was reached in a younger internode than in the main axis. 


Tree C53.5 (Open Grown) 

Type 1 sequences for this tree appear in Fig. 2. The pattern of the main 
axis shows increasing ring width in internodes up to 6-9 years old, then a 
definite decline from 11 to about 15 years. Since this pattern was similar in 
all rings only the ring laid down in 1953 is shown in Fig. 2. For comparison 
five rings are chosen from a branch of whorl 18, viz. those laid down in 1953, 
1947, 1944, 1940, and 1937 when this whorl was 18th, 12th, 9th, 5th, and 
2nd from the top in the respective years. The 1953 ring for each corresponding 
whorl is also shown and again it is seen that the pattern exhibited by a branch 
ring is related to the position of the branch at the time it was laid down. In 
this tree rings formed even in the 12th whorl exhibit some pattern, but the 
maximum width in the branch of even the 9th node is reached earlier (second 
year) than in one of the 5th node (3rd—4th year), which is a sign of mild 
suppression. In the 18th whorl no pattern survives. Although only a few rings 
are shown here, the type 1 sequences for all rings of one branch from each 
whorl have been inspected, and these more complete records show that when 
about 10 (9-11) whorls exist above a branch, interference with the normal 
pattern becomes obvious and it is accentuated with lower position in the tree 
until no pattern exists. 
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Fic. 2. Type 1 sequences of ring width for the open-grown tree C53.5. The solid line 
represents the main axis, other lines the branches. For further explanation see Fig. 1 and 
text. 


Tree XA57.18 
This was a typically suppressed tree with only nine foliage-bearing whorls 
of branches. The pattern of ring width in the main axis is that of a suppressed 
tree as described earlier (1, Fig. 4) with maximum width of 5-7 mm reached 
at 2-4 years from the origin of the internode, and a long decline to a level 
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phase at 7-12 years. The two sequences plotted in Fig. 3 fall within these 
limits. Amongst the branches it is clear that those rings that were laid down 
when the whorl was 3rd or 4th from the top show a definite pattern; but in 
lower whorls, of which the 6th and the 9th are represented here, the pattern 
does not develop. The branches of these lower whorls would suffer more 
severe shading than the corresponding branches of an open grown tree be- 
cause of interference from surrounding trees, so it is not surprising to find 
that only the upper 4 or 5 whorls rather than 9 or 10 as in open-grown trees 
show no interference with the pattern of cambial activity. 


T BRANCHES 
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Fic. 3. Type 1 sequences of ring width for the suppressed tree XA57.18. Solid lines 
represent the main axis, other lines the branches. For further explanation see Fig. 1 and 
text. 


The suppressed tree therefore differs from the open-grown trees not only 
in reaching maximum ring width in the main axis within 3 years from the 
origin of the internode, but also in showing a definite pattern only in the rings 
laid down by branches when they are in the top four whorls of the tree. 


Tree XA58.9 

This was a companion tree to XA57.18 in a close plantation until it was 
released at the end of the 1950 growing season. It was analyzed 8 years after 
its release. Ring width was measured in the main axis and in several branches 
from each whorl. Here, in order to show adequately the effects of release, it 
is necessary to plot separately (Figs. 4, 5, and 6) the sequences of trunk and 
branches. 

Figure 4 shows type 1 sequences in the main axis for the rings of alternate 
years in the period up to 1950, and from 1951 onward. Broken lines represent 
sequences in rings laid down before release of the tree, solid lines those laid 
down after its release. It is clear that from 1946 to 1950 the effects of suppres- 
sion were increasing and in the latter year a maximum ring width of 5.9 mm 
was reached in the 3-year-old internode. The next year after release, ring 
width increased for at least 10 internodes downward from the apex and, in 
the 11th, reached a value of 11.3 mm, nearly double the maximum of the 
preceding year. The 1950 sequence is typical of a suppressed tree while the 
1951 sequence is typical of a tree in the open. The sequences of later years 
suggest that as the tree, now centered 24 ft from its nearest neighbors, 
responded by increased growth while its neighbors presumably did the same, 
mutual interference gradually came to be felt again and a regression in pattern 
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developed, continuing until the tree was collected in 1958. The ring sequence 
of 1958, while still not that of a suppressed tree, had a lower maximum ring 
width than that of 1951, and this was reached in a younger internode. 
Many branches of this tree were analyzed. The whorls were composed of 
four to eight branches (average number 6.4), and except in the very lowest 
whorls where some branches were dead, at least three from each whorl were 
sectioned and examined. This permits us to judge whether one branch fairly 
represents a whorl. Comparison of the type 1 sequences of three branches 
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Fic. 4. Type 1 sequences of ring width in the main axis of the released tree XA58.9. 


Broken lines represent rings laid down before release of the tree, solid lines rings laid 
down after release. For further explanation see Fig. 1 and text. 
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Fic. 5. Type 1 sequences of ring width from three branches of whorl 10, from tree 
XAS58.9. The upper two represent typical branches and the lower one a dwarfed branch. 
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from many whorls makes it quite plain that in all branches of a whorl they 
agree remarkably well in form and magnitude, with very few exceptions. 
All the exceptions were of the same kind, and referred to singly occurring 
dwarfed branches with very little foliage which were deliberately chosen for 
analysis in order that they might be compared with typical branches. Figure 
5 illustrates the ring width pattern in three branches of whorl 10, of which 
branches 2 and 3 were typical and branch 5 was dwarfed. The families of 
sequences belonging to branches 2 and 3 are closely similar in almost every 
detail, while that of branch 5 shows abnormally narrow rings and abnormal 
pattern. It was equally true of this and other whorls that, apart from the 
dwarfs, any one branch would serve as a fair representative and in the analyses 
that follow sequences are selected from only one typical branch in any whorl, 
and dwarfed branches are always excluded. 

Even with this simplification it would be impossible to reproduce all the 
data here, but a selection of branches is shown in Fig. 6. In the top seven 
whorls, three of which are shown, a pattern is evident in all the type 1 se- 
quences and it is of the kind characteristic of trees growing in the open, i.e. 
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Fic. 6. Type 1 sequences of ring width in the branches of the released tree XA58.9. 
Broken lines represent rings laid down before release of the tree, solid lines rings laid down 
after release. In a column at the right hand side of the figure are the numbers of the whorls 
when the tree was cut. In parentheses, following the year of formation of each ring is the 
number of the whorl in which the ring was laid down. 
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the ring width increases for several internodes down the branch from its tip. 
In whorl 9 the ring laid down in 1958 shows some modification of pattern, 
and it is characteristic of open grown trees that the pattern is partially sup- 
pressed in whorls that are overtopped by as many as eight whorls when the 
ring is formed. But this is true only of the ring laid down in 1958 in this 
whorl. The ring laid down in 1957 was then in the eighth whorl, and has a 
typical pattern. Similarly the rings laid down in earlier years were nearer to 
the top of the tree when they were formed, and all are patterned. In this 
figure the year of production of the ring appears at the end of each sequence 
and in parentheses after it is the number of the whorl in which it was situ- 
ated at the time of its formation. 

When we come to whorl 12 a new factor appears, because here we have 
rings laid down before release of the tree as well as after this change in its 
condition of growth. Here we find decreasing ring width in the rings formed 
in 1948-50 (shown as broken lines) with little evidence of pattern in the ring 
produced in 1950 although it was then in the 4th whorl from the top of the 
tree. In 1951, however, when the tree showed the maximum effect of liberation, 
the ring laid down in this branch showed a large increase in width from the 
first to the 5th internode i.e. it exhibited a pattern of the type found in open- 
grown trees. This branch was then in the 5th whorl from the top of the tree. 
As we progress to the rings laid down in later years and in lower whorls, we 
find that in 1955 when it was in the 9th whorl the pattern had been completely 
suppressed. This corresponds to what occurred in the 10th whorl of tree 
K55.1 grown in the open. It is clear therefore that this branch, like the main 
axis, changed the character of its cambial growth from that of a suppressed 
tree to that of an open-grown tree after the plantation was opened up from 
a 6’X6’ spacing to one of 24’ X24’ after the 1950 growing season. 

In whorl 16 the branches formed when they were within eight whorls of 
the top of the tree were all laid down before liberation of the tree and here 
only those in the top five whorls at the time the ring was formed exhibit pat- 
tern. In the 1948 ring (then in whorl 6) the pattern is completely suppressed, 
as one would expect of a tree in a 6’X6’ plantation. By 1951 after release of 
the tree, the branch represented by this series of graphs was already in the 
9th whorl where pattern is beginning to be suppressed even in an open-grown 
tree, and the rings laid down in this and subsequent years show little or no 
pattern, These were all low on the tree and increasingly shaded by surrounding 
trees, and although the tree as a whole was now in a more open situation 
they were unable to respond because of intratree suppression by the over- 
lying whorls of branches. 

The conclusions derived from a detailed analysis of these few branches 
were borne out by the data from other branches and may be stated in a more 
general form that applies to the tree as a whole. In rings that were laid down 
before release of the tree, pattern disappeared in a branch when it was over- 
topped by more than four or five whorls. In rings laid down after release of 
the tree, pattern persisted in branches that were not displaced from the apex 
of the tree by more than seven to nine whorls. This tree therefore demon- 
strates that liberation from suppression not only causes the inherent pattern 
of growth in the main axis to change from the kind characteristic of a sup- 
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pressed to that of an open-grown tree, but also it brings about corresponding 
changes in those branches that benefit from the release. 


ITI.2. Discussion of Type 1 Sequences 

The four trees from contrasting situations reveal plainly that branches 
show a pattern of cambial activity just as does the main axis, but they also 
reveal that an important factor affecting pattern is the serial position of a 
branch on the tree. Only in the upper whorls,.more or fewer according to the 
degree of suppression of the tree as a whole, is pattern exhibited, and in 
branches of lower whorls cambial activity is restricted and ring width is 
consistently small in all internodes. In effect this means that even in an open- 
grown tree the lower branches are suppressed and pattern disappears. 

In the main axis of trees growing under a wide range of external conditions 
the essential form of the pattern of ring width is manifested in a rising and 
then falling magnitude as one proceeds downward from the apex through 
the upper internodes of the trunk. It may be quantitatively modified but it 
is always present. In the lower branches of both suppressed and open-grown 
trees, however, it is non-existent, and this is the only situation met with in 
our investigation where pattern is obliterated. It is therefore of considerable 
interest to attempt to characterize the differences between the distal portion 
of a lower branch and that of the main axis in the hope of gaining further 
insight into the biological determination of patterned growth. 

Duff and Nolan (1) tentatively ascribed the source of the pattern of cambial 
activity to a gradient in its nutritional status which, in turn, depends on a 
gradient in the amount of effectively lighted foliage that is supplying organic 
nutriment to the distal internodes of the tree. They point out that within a 
type 1 sequence, progressing from its origin at the apex, the successive rings 
that make up the sequence lie farther and farther from the apex of the tree 
and that increase in cambial activity as expressed in ring width occurs in the 
conical portion of the tree where the total amount of foliage on branches 
subtending the successive internodes is also increasing basipetally. Since, as 
Duff and Nolan recognized, there is also a gradient in the age of the cambia 
producing successive rings in the sequence, this presents itself as an alterna- 
tive or participating determinant of patterned growth. The data for main 
axes afford no means of distinguishing between the effects of age and nutrition, 
but those for the branches do afford such means. 

The chronological age of the terminal internodes of all branches is the same 
as that of the terminal internode of the main axis,—all were produced in the 
final year of the tree’s growth at a time equidistant from the origin of the 
active shoot during germination of the seed. And every branch presents a 
similar age gradient as one progresses downward from the apex in a type 1 
sequence. Yet in the upper branches and the main stem the cambial growth 
is patterned but in the lower branches it is not. It therefore becomes apparent 
that the age of the cambium per se is not the determining factor in the causa- 
tion of pattern. On the other hand the distal portions of lower branches differ 
markedly in nutritional status from the distal portion of upper branches and 
the main stem. The most obvious difference in the external situation is in 
exposure to light. Even in the closest stand the upper few internodes of the 
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main trunk are subtended by branches whose foliage is exposed to light from 
above, and the same is true of the uppermost branches. But lower branches 
even in a tree growing in the open are subjected to shading by the upper 
whorls. The distal portion of a lower branch does not with its subordinates 
achieve the same conical form that is characteristic of the distal portion of the 
tree, and this is related to the circumstance that the branch suffers from some 
degree of shading throughout its length. The very strong probability is that 
no gradient in nutritional status of the cambium similar in steepness to that 
of the trunk and upper branches exists in the lower branches. Data are at 
hand for an enquiry into the distribution of foliage in individual branches 
and in the tree as a whole, so that some experimental evidence can be brought 
to bear on this problem in the future. This will show that so far as amount of 
foliage is concerned gradients are strongly modified by position on the tree, 
but the examination of possible correlation with patterned growth must be 
postponed until a later date. For the time being it may only be said that 
while the data under present consideration appear to rule out age of the 
cambium as a controlling factor, nutritional status of the cambium remains 
a probable determinant of the pattern of cambial growth. 

Duff and Nolan (2) do not exclude from their ‘nutritional’ factor the 
supply of minor essential organic substances, but it is usual to distinguish 
between “‘nutritional’’ and ‘‘hormonal”’ control of cambial growth. It does 
not seem profitable to set these up as opposing theories since both nutrition 
and hormone supply must play their roles in growth, but one would hope 
eventually to be able to define these roles more clearly than is now possible. 
So far as the present evidence from branch analysis is concerned, it demon- 
strates that displacement from the apical meristem of a branch is not the 
dominant factor in determining cambial growth, but that position of the 
branch on the tree is an overriding factor. Distinction between a “hormonal” 
and a “‘nutritional” factor would require a knowledge of the hormonal status 
of the apices of individual branches that is not available. Data on the relation- 
ship of buds and foliage to cambial growth are, however, on hand and will be 
discussed in a later publication. 


ITI.3. Type 3 Sequences 

The third type of ring sequence described by Duff and Nolan (1) consists 
of successive internodal rings laid down by cambia of uniform age, and con- 
sequently laid down when in a constant position relative to the apex of the 
tree or of a branch. Such sequences afford an opportunity to observe the 
configuration impressed upon a tree by the stable characteristics of its site, 
as well as the fluctuations superimposed by random annual variations. This 
type of sequence serves also to reveal the gradually changing condition of an 
individual branch as its position on the tree is affected by the development 
of successive branches above it, and it is relegated to a lower and lower rela- 
tive position on the tree. 

In the present section are presented type 3 sequences for branches from 
representative whorls, for comparison with those of the main axis, in the same 
four trees of different condition whose pattern we have examined in the pre- 
ceding section. 
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Tree K55.1—Open Grown 

In the main axis of this tree the configuration is expressed as a general 
upward trend in ring width during the first 8 or 10 years of the time range 
and little or no further change until 1955. Random variations are superim- 
posed and these are most pronounced in the rings that were initiated in the 
earlier years. Figure 7 includes four type 3 sequences from the main axis, 
two initiated in the early years in the second and fourth position from the 
pith, together with two later formed sequences. Figure 7 also shows a selection 
of type 3 sequences from branches in different positions on the tree. All are 
plotted according to the second mode, which in this type of sequence, places 
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Fic. 7. Type 3 sequences of ring width for the open-grown tree K55.1, plotted according 
to the second mode. The number at the end of each sequence represents the position of the 
sequence as measured from the pith, and at the same time the number of the internode in 
which it originated and the age of the cambium (in years) when it was formed. 
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vertically above one another all internodal rings formed in 1 year. Each 
sequence is numbered to show its position as counted from the pith, and there- 
fore also the number of the internode in which it originated. The longest 
sequence of a group is in most instances the second from the pith, which 
means that it was initiated in the second internode from the apex of the 
branch. Shorter sequences are for rings which lie further from the pith and 
which first made their appearance in lower internodes. These are the vertical 
sequences in a histogram such as that illustrated in (1, Fig. 5). The sequences 
are shorter in the higher whorls of branches because these were initiated 
later in the growth of the tree and have fewer internodes than lower branches. 

It is at once apparent that the position of the branch on the tree affected the 
configuration. In the 10th and lower whorls, all cambia, of whatever age, 
produced rings that show a similar downward trend in width from the time 
of origin of the sequence to 1955. In whorls 7—9 this is less uniform but the 
downward trend is unmistakable, while in whorl 6 it is non-existent, and in 
higher whorls it does not appear in rings formed by 1-year-old cambium but 
does in those formed by older cambia. 

This downward trend, where it appears, introduces a difference between 
the branches and the main axis. The explanation lies in the circumstance 
that rings in the successive internodes of a type 3 sequence are produced in 
different years and at times when the particular branch in which they are 
formed is in a different position relative to the apex of the tree. Branch 1 of 
whorl 15 may be used to illustrate this. In sequence 2 each internodal ring 
was laid down when the branch internode was the second one from the apex 
of the branch, but in 1942 this branch was in the second whorl and was over- 
topped only by the young whorl developing in the current growing season, 
while in 1948 the same branch was in the 8th whorl from the top of the tree 
and in 1955 it was in the 15th whorl. Therefore, although the successive 
rings of sequence 2 were always laid down in the second internode of the 
branch, they occupied a lower and lower relative position on the tree. This 
necessarily introduces a new factor in the environment of the individual 
branch which, in spite of maintenance of favorable conditions or even im- 
proving conditions for the tree as a whole, finds itself in progressively deter- 
iorating conditions because of shading by more and more overlying whorls 
of branches. It is only in the topmost branches of the tree that this factor 
does not come into play. The main axis differs in that its second internode is 
always at the top of the tree and consequently in the same nutritional state 
in succeeding years provided that no major change in site conditions inter- 
venes. Therefore although the branches of this tree differ from the main axis 
in configuration they do so in such a way as to indicate conformity to the 
general principles formulated for the main axis (1). Configuration is expected 
to reveal the influence of external factors, and the downward trend in the 
type 3 sequences of branches which are individually subjected to increasing 
suppression as the tree grows, is just what one would expect to find in the 
main axis of a tree undergoing gradual suppression. It was shown in section 
III.1 that in this same tree, “‘pattern”’ as revealed in type 1 sequences survived 
in the upper 9 or 10 whorls of branches. But pattern is less sensitive to environ- 
ment and is probably dependent, rather, on an intrinsic factor. 
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Tree C53.5—Open Grown 

The configuration of the main axis of this tree is represented in Fig. 8 by 
three type 3 sequences only, while the description that follows is based on 
examination of the whole series of sequences. An upward trend in width of 
rings in those internodes formed between 1930 and 1942 is then replaced by 
a decline to 1949 with no considerable change thereafter until the tree was 
felled in 1953. In the branches the trends are essentially the same with the 
exception that in the older branches, represented by whorl 22 branch 2, 
ring width was declining during a period of years (1936-42) when it was in- 
creasing in the main axis. The apparent conformity in later years may there- 
fore be fortuitous and evident only because the configuration in the main 
axis was a declining one when most of the branches were growing. In this 
tree it is consequently impossible to segregate the effect upon the branches 
of localized suppression within the tree from that occasioned by the condition 
of the tree as a whole, except in whorl 22 where sequences 2 and 4 declined 
from the time of their origin until 1942, while ring width was increasing in 
the main axis. 
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Fic. 8. Type 3 sequences of ring width for the open-grown tree C53.5. For explanation 
see Fig. 7 and text. 
Tree XA57.18—Suppressed in a 6'X6' Plantation 
In this plantation tree the configuration of type 3 sequences in the main 
axis indicates improving growth in the earliest years when the tree was small 
and presumably relatively free of interference from its neighbors. This was 
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followed by an over-all decline in cambial activity after interference developed. 
This configuration appears in Fig. 9 as a steep rise from ring width of 1 mm or 
less in 1940—41 to 4-5 mm in 1944, followed by a long period of little change 
or a slight decline to 1954-57. A conspicuous depression in ring width in 1949 
with recovery in 1950-51 was recorded also in other trees of the Craighurst 
plantation (cf. Fig. 10 and (1), Fig. 21), and it reflects climatic conditions at 
the site in those years. 
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Fic. 9. big » 3 sequences of ring width for the suppressed tree XA57.18. For explana- 
tion see Fig. 7 and text. 


Branches from the nine foliage-bearing whorls were examined and those 
of the top five, initiated in 1953 or later, showed no consistent drift in ring 
widths in the type 3 sequences. This corresponds to the contemporary rings 
of the main axis and indicates no intratree suppression in these five whorls. 
In whorl 6 a definite decline was evident in all sequences except the peripheral 
one, i.e. sequence 1, initiated in 1952. Since all rings belonging to sequence 1 
were laid down while in the terminal internode of the branch as it advanced 
from the first to the sixth whorl, and since this branch was the first to show 
any indication of being overshadowed, it is perhaps not surprising that this 
sequence is free from signs of intratree suppression. Branches of the lower 
whorls, 7-9, however, showed a consistent and steeper decline in ring width 
extending through all their internodes from the time of their inception until 
1957. It is reasonable to suppose that this modification is of the same origin 
as that proposed for the open-grown tree, K55.1, viz. suppression occasioned 
by the annual addition of a whorl of branches above each individual branch 
that was analyzed. 
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Tree XA58.9—Released from Suppression 

The release of this tree at the end of the 1950 growing season serves to 
demonstrate that the configuration of cambial activity in the branches as 
well as in the main axis is under the influence of extrinsic factors. Figure 10 
shows type 3 sequences of the main axis and of representative branches. One 
obvious difference from the comparison tree that remained in the close planta- 
tion is the survival of 18 whorls of foliage-bearing branches in contrast to 
only nine such whorls in tree XA57.18. Another is the marked increase in ring 
width of both maiff axis and branches after the release of the tree. 
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Fic. 10. Type 3 sequences of ring width for the released tree XA58.9. For explanation 
see Fig. 7 and text. 
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The configuration of type 3 sequences in the main axis conforms very 
closely to that of its companion tree XA57.18 up to 1950 while both were in 
the same plantation and had the same spacing. In 1951, the first year of growth 
following the operation of felling trees to make a 24’X24’ spacing around 
tree XA58.9, all but the three innermost sequences show a large increase in 
ring width which is now of the order of magnitude (8-10 mm) found in the 
open-grown trees already described (Figs. 7, 8) and much greater than that 
in XA57.18 (Fig. 9). Within the series of sequences from the 4th to the 11th, 
response was not uniform but increased toward the outer sequences which 
were formed by older cambia and initiated in lower internodes of the main 
axis. Table I shows, for several sequences, the percentage increase in ring 


TABLE I 
Ring widths, in mm, in the main axis of released and suppressed trees 








Released tree XA58.9 


Sequence No. a 5 6 7 10 11 
Ring width 1950 5.9 3:2 4.7 3.8 3.7 3.35 
Ring width 1951 7.9 8.7 9.3 9.4 10.0 11.3 
% increase in 1951 34 67 98 147 170 223 
Suppressed tree XA57.18 
Sequence No. a 5 6 8 10 11 
Ring width 1950 6.8 6.4 5.6 4.9 4.9 5.0 
Ring width 1951 7.3 6.8 6.4 4.7 4.7 4.8 
% increase in 1951 7.4 6.3 14 —4.1 —4.1 —4.0 





width in 1951 over that of 1950. This rises conspicuously as one proceeds to 
outer sequences, and it is clear that the rise depends on a reversal in order of 
ring widths which in 1950 were progressively lower in outer sequences, in 
1951 progressively higher. From Fig. 10 it may be seen that the differential 
response persisted until, in 1955, ring widths of all sequences from the 3rd 
to the 16th fell within a narrow range. This reversal of gradient in the width 
of rings laid down by cambia of increasing age resulted from improving the 
exposure of the tree, and is equivalent to the modification of pattern already 
seen in type 1 sequences. It provides additional evidence that the age of the 
cambium is not itself the main determinant of cambial activity. On the other 
hand it is undoubtedly related to the fact that the internodal rings laid down 
in 1951 in outer sequences were lower in the trunk and were nourished by 
those branches that benefited from release of the tree. 

The lower whorls of branches that were initiated before 1950 reveal a 
marked increase in ring width in their 1951 internodes over that of 1950. 
In the preceding years (1945-50) the branches of whorls 13 and 15 had already 
begun to show the internal suppression resulting from the deterioration of 
their position in the tree and show a downward trend throughout this period 
while the main axis essentially maintained its growth, though exhibiting 
annual fluctuations. In 1951 whorls 15 and 13 were the 8th and 6th whorls 
from the top of the tree. Release of the tree improved the exposure of branches 
to lateral light as well as removing other kinds of competition, and the branches 
responded by a large increase in ring width which brought them, like the 
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rings of the main axis, to the order of magnitude characteristic of corresponding 
branches of open-grown trees, e.g. they increased in whorl 13 from less than 
0.5 mm in 1950 to the order of 1-1.2 mm in 1951. 

After this sudden increase the characteristic downward drift was resumed 
in branches of the lower whorls and continued until 1958 but less steeply 
than during the years of suppression before 1950. This was evident in all 
whorls from 10 downward, although in whorl 10 the ring formed by 1-year 
cambium, i.e. in the terminal internode of the branch, failed to show the 
drift. Whorl 9 was transitional, showing some indication of decline, but in 
higher whorls no consistent decline was evident. The effect of release of the 
tree on the suppression of lower branches may be seen by comparing whorl 8, 
branch 6, in tree XA58.9 (Fig. 10) with whorl 8, branch 4, of tree XA57.18 
(Fig. 9). Both trees in 1951 laid down in the first branch internode (sequence 1) 
rings of 1.0-1.3 mm in width. In 1957 the released tree again laid down in 
its 1st internode (sequence 1) a ring of more than 1.2 mm in width, while the 
suppressed tree formed a ring only 0.5 mm wide. In 1951-53 both trees laid 
down rings about 1.8 mm wide in the second and third internodes of the 
branch (sequences 2 and 3) when they were initiated. In 1957 the released 
tree produced rings in those internodes of 1.1-1.4 mm width, while in the 
suppressed tree they were 0.2—0.4 mm wide. This means that at the branch 
tips near the periphery of the tree, branches of the 8th whorl in the released 
tree showed little effect of shading by higher whorls, whereas, in the tree 
closely encompassed by neighbors, even the tips of branches in the 7th—9th 
whorls showed marked signs of suppression. The range of ring widths laid 
down in a branch of the 8th whorl in 1957 was 1.1—-1.4 mm in the released 
tree, 0-0.5 mm in the suppressed tree. 


ITI.4. Discussion of Type 3 Sequences 

In summary, a comparison of configuration in the branches with that in 
the main axes of the four trees shows that only in the upper whorls do the 
two conform, while in lower branches the configuration is expressed as a con- 
sistent increase backward from the branch apex. This results from the cir- 
cumstance that cambia of uniform age in more basal internodes of a branch 
produced their internodal rings when the branch was nearer to the apex of 
the tree, and reflects the influence of position on the tree upon configuration 
in a branch. This means that an intrinsic factor affects configuration in the 
branches. That it is also subject to external influences is manifested by the 
annual fluctuations that correspond in general to those in the sequences for 
the main axis, and by the response of both main axis and branches to a delib- 
erate change in the external conditions of one tree (XA58.9). 

There have been frequent observations of increased trunk diameter of 
trees in response to thinning of stands. Those of Engle and Smith (4) refer 
to red pine. In a 10-year period after thinning, diameter growth greatly 
exceeded that in unthinned controls. Holmsgaard (7) recorded increased ring 
width following light thinning of stands of Norway spruce, oak, ash, beech, 
and alder. The response was of small magnitude near the base of old trees 
under his conditions, but it was general for widely different genera of both 
coniferous and deciduous trees. It has also been observed that branches 
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share in the improved radial growth of trees with wide spacing as compared 
with those in closer stands. For instance, Eversole (5) found basal diameter 
in lower branches of Douglas fir, as did Guillebaud (6) with Norway spruce, 
to be greater in trees with wider spacing. 

In our analysis of tree XA58.9 we present a more comprehensive account 
of the effects of release on the growth of a tree than has hitherto been attempt- 
ed. It reveals that the response of cambial activity is immediate and that it is 
not uniform throughout the tree. Increased diameter after a period of years 
would be the accumulation of improved growth each year after release. In 
tree XA58.9 we see that ring width was actually maximum in certain sequences 
in the first year after release. Those branches in the top whorls that had 
originally been well exposed showed no change in cambial growth after the 
removal of neighboring trees, and the same was true of the uppermost inter- 
nodes of the trunk. Branches that had been suppressed but were in a suffici- 
ently favorable position to grow well in an open-grown tree, responded by a 
marked increase in their cambial activity, and the subtending internodes of 
the main axis showed a progressive increase in cambial activity as the number 
of well-grown branches above them increased. 

In an earlier section attention was called to the obliteration of pattern in 
type 1 sequences of lower branches. The corresponding evidence of suppression 
as revealed by type 3 sequences is the consistent decline in width of internodal 
rings formed by cambia of uniform age as they find themselves in lower and 
lower whorls of branches. 


III.5. Type 4, or ‘Contemporary Whorl’’, Sequences 

We have seen that type 3 configuration in the branches has not the same 
biological meaning as in the main axis, but is influenced by a progressive 
change in relative position of the branch on the tree as consecutive internodes 
develop. For the growth of branches, therefore, a new type of sequence is 
introduced. This is a collective sequence for existing branches. It is a modi- 
fication of type 3, but instead of including the series of internodes of one 
existing branch at the time of analysis it brings together those internodal 
rings that were laid down when the branch was in a particular whorl as counted 
from the apex of the tree, although these internodes later came to be in dif- 
ferent whorls. 

Such sequences for tree XA57.18 are shown in Fig. 11A. The sequence of 
whorl 1 includes widths of all those rings that were laid down when the branch 
in which they occurred was in the topmost whorl of the tree. The first point 
in the sequence represents the ring laid down in 1957 in what was finally the 
first whorl; the second point is for a ring in the whorl that was topmost in 
1956, although when the tree was cut in 1957 it was in the second whorl. The 
sequence proceeds back to 1949 including only rings laid down when in the 
first whorl of branches. These were, of course, the innermost rings in the basal 
internodes of existing branches in 1957. Each point in this and all other 
sequences of Fig. 11 is actually an average of widths of corresponding rings 
in two or three branches from one whorl. 

The next pair of sequences (whorl 2) were laid down when in the second 
whorl. Two sequences are involved here. That labelled 1 was formed in the 
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contemporary first internode of its branch by cambium in its first year of 
existence; that labelled 2 was formed in the second internode of its branch 
by cambium in its second year. The groups of sequences exhibit configuration 
in internodes formed when in branches of particular whorls whose serial 
numbers appear in Fig. 11. An individual sequence in a group, numbered 
from the pith of the branch internode, shows also the serial number of the 
branch internode when the internodal ring was laid down. 
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YEAR OF RING FORMATION 


Fic. 11. Type 4 sequences of ring width for the suppressed tree XA57.18 and the 
released tree XA58.9, plotted according to the second mode. The number at the end of 
each sequence represents the position of the sequence as measured from the pith of a 
branch internode and at the same time the serial number of the branch internode in 
which it originated and the age (in years) of the cambium that produced it. The whorl 
number shows the position of the whorl, counted from the apex of the tree, in which any 
internode occurred at the time when an internodal ring in any sequence was laid down. 


It now becomes clear that the downward slope of type 3 branch sequences 
with time (cf. Fig. 9) is largely the result of the fact that in succeeding years 
consecutive internodal rings in a sequence were produced in a branch over- 
topped by more and more whorls. The very gentle downward slope from 1951 


















to 
con 
to 


rele 
om 
int 
ty 
of 

tyf 
seq 


dra 
effe 
an 
gre 
rin 
the 
19: 
we 
we 


col 
sin 
in 

wil 
ort 


pa 


wt 
br: 
th: 


int 
po 
an 


by 
no 
wa 
to 
wa 
8t 
res 


ir of 
anch 
ition 
erial 
ered 
| the 

















Ge 


the 
d of 
of a 
e in 
hor! 
any 
wn. 


ences 
years 
over- 
1951 





FORWARD AND NOLAN: GROWTH AND MORPHOGENESIS. IV 407 


to 1957 of type 4 sequences in Fig. 11A corresponds more closely to the 
configuration shown by the main axis in the type 3 sequences of Fig. 9 than 
to the steeply sloping type 3 sequences of the branches. 

Figure 11B sets out type 4 sequences for tree XA58.9, the companion tree 
released in 1950. For the 6th and lower whorls some of the sequences are 
omitted, and only enough of them have been included to show the effect of 
internode position within the branch. In this tree, also, the configuration of 
type 4 branch sequences corresponds more closely to that of type 3 sequences 
of the main axis, as shown in Fig. 10, than to the sloping configuration of 
type 3 branch sequences. This is the effect of eliminating from individual 
sequences the changing relative position of the branch on the tree. 

In order to draw attention to the effects of release, vertical lines have been 
drawn in Fig. 11 to mark the year 1950. Liberation of the tree had no major 
effect on the width of rings laid down in branches when in the first two whorls, 
and, in the third whorl, only in sequence 3 is the increase from 1950 to 1951 
greater than random fluctuations in other parts of the sequence. Internodal 
rings laid down in branches when they were in the 4th to 8th whorls showed 
the greatest effect of release. Rings laid down in the 9th and 10th whorls in 
1951 were narrow, but in later years rings that were laid down in this position 
were distinctly wider. Those laid down when in the 11th and lower whorls 
were always narrow and never achieved a width of much more than 0.5 mm. 

In the 3rd—5th whorls a differential response in internodal sequences is 
conspicuous and the array of type 4 sequences in these positions is closely 
similar in configuration to that in the main axis (cf. Fig. 10), rings laid down 
in the more basal internodes in a branch showing the greater increase in 
width. In the lower whorls whose cambial growth remains suppressed the 
order of the sequences is reversed and rings initiated in the basal internodes 
of basal branches make scarcely measurable growth. 

The true effect of intratree suppression on ring width can be seen by com- 
paring the groups of sequences in different whorls in Fig. 11, and the effect 
of a change in external conditions can be seen in the sequences for individual 
whorls without the complicating factor of changing relative position of a 
branch on the tree as its successive internodes are formed. We now see clearly 
that the marked rise in type 3 sequences of branches from the lower whorls 
(e.g. whorls 13 and 15, Fig. 10) occurred after release of the tree because the 
internodal rings laid down in 1951 in these branches were then in a favorable 
position on the tree after its release. They were laid down when in the 6th 
and 8th whorls. 

In summary, the uppermost whorls were but little affected at any time 
by closely surrounding trees and never suffered from suppression; the inter- 
nodes that were already in branches of the 10th or lower whorl when the tree 
was released were then suffering from intratree suppression and continued 
to be suppressed by an increasing number of overlying whorls after 1951. It 
was only those internodes that in 1951 occurred in branches of the 4th to 
8th whorls, initially suppressed, that were in a position to make a maximal 
response to release, for in a close plantation the 4th to 8th whorls may suffer 
suppression but in the open they do not. 
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IV. General Discussion 


Analysis of ring width in trunk and primary branches constitutes one step 
toward analysis of the integrated growth of the tree. Increase in length, cir- 
cumference, wood volume, and cambial area will be considered in the following 
paper, and the main discussion of biological controls will be postponed until 
the more complete data have been presented. 

Duff and Nolan (1) introduced two types of longitudinal sequence in addi- 
tion to the radial sequence of annual rings for analyzing the growth of a tree 
trunk. The first of these reveals the pattern of cambial growth which is pri- 
marily under intrinsic control, and their type 3 sequence reveals configuration 
which is subject to extrinsic control. 

The first type of sequence applies equally well to branch growth and shows 
a patterned growth in the upper branches of a tree that conforms to that of 
the main axis. But lower branches that are heavily shaded by upper branches 
or by neighboring trees, or both, fail to develop a pattern of cambial growth. 
This is the only situation in which pattern has not been observed in a com- 
pletely analyzed trunk or branch. The distal internodes of these lower branches 
are formed simultaneously with those of upper branches and the main axis, 
and the absence of pattern serves to show that it is not the age of the cambium 
nor distance from an apical meristem that is the primary determinant of 
cambial activity. The absence of pattern, is, however, undoubtedly related 
to the heavy shading to which the lower branches are subjected even in an 
open-grown tree, and this leaves open the probability that nutritional status 
is an important factor in producing patterned growth. 

The configuration of ring width in type 3 sequences in the branches except 
in well-exposed branches near the top of the tree does not conform to that 
in the main axis. This is because an intrinsic factor here enters into the deter- 
mination of configuration as defined by Duff and Nolan. This is the position 
of the branch on the tree, which is different as each internode is added. This 
factor can be eliminated by using the new type of sequence that we have 
introduced (type 4), and when this is done configuration in the branches is 
found to be essentially like that in the main axis and is under the influence 
of extrinsic factors. Since successive whorls of branches exist in different 
environments the configurations differ according to the contemporary position 
of the whorl on the tree when a ring is laid down. In the configurations of 
successive ‘‘contemporary’’ whorls the suppression of lower branches is again 
manifest. 

The dependence of configuration on external factors has been revealed by 
a deliberate change in the environment of one tree. In interpreting the effects 
of such a change it must be kept in mind that all paris of the tree do not under- 
go a similar change in environment when the tree is liberated. The uppermost 
whorls of branches are well exposed both before and after the event; the lower- 
most whorls are heavily shaded both before and after: The intermediate 
whorls are the ones that benefit from release by changing from a condition 
of shading to one of good exposure. The response in terms of radial growth 
in both branches and main axis can be understood if these circumstances 
are kept in mind, and if one remembers that any internode of the main axis 
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is dependent on those branches that occur above it. 

The value of including the primary branches in an analysis of the tree’s 
growth is patent. It derives from the circumstance that each branch during 
its development automatically advances through a series of progressively 
inferior positions in the tree, and that the effects can be traced in successive 
annual rings in its successive internodes. Hence the series of branches provides 
information of great potential value in diagnosing the biological controls of 
growth. 
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GROWTH AND MORPHOGENESIS IN THE 
CANADIAN FOREST SPECIES 


Vv. FURTHER STUDIES OF WOOD GROWTH IN BRANCHES AND MAIN 
AXIS OF PINUS RESINOSA AIT. UNDER CONDITIONS OF OPEN 
GROWTH, SUPPRESSION, AND RELEASE! 


Dorotuy F. FORWARD? AND NorRAH J. NOLAN? 


Abstract 


The analysis of growth in trunk and branches of four red pine trees of different 
situations is extended to include internode length, circumference, annual wood 
volume increment, and cambial area. The effects of position of a branch on the 
Poe and of suppression and release are examined in reference to these growth 
indexes. 

Increase in circumference responds in much the same way as radial growth, 
and branch position is important. The greatest annual increase in girth of any 
branch internode occurs when it is near the periphery and near the top of the tree. 

Terminal growth of branches is less affected than radial or tangential growth 
by branch position if the tree is in the open but is suppressed by surrounding 
trees. Upon release of a tree only those axes whose local environment was 
actually improved showed an increase in apical growth. 

The interpretation of annual wood volume increment is complicated by the 
fact that it is determined not only by internal and external conditions during the 
current growing season, but also by past growth, both apical and cambial. It 
is subject to the effects of suppression and of branch position, chiefly through 
the influence of these factors on the cambial growth component. 


I. Introduction 


The total annual product of wood growth in any internode of a tree may be 
expressed as the increment of wood volume. Biologically it is the product of 
cambial growth and apical growth. But the contributions made by these two 
meristems are separated in time. Not only is the duration of the seasonal 
growth period different for the two meristems but, except in a terminal inter- 
node, the longitudinal component was determined in a previous year when the 
internode was formed, while it is the cambial growth of the current year that 
contributes to the annual increment in wood volume. Cambial growth itself 
has two components, additive growth, which accounts for radial additions 
to the wood, and multiplicative growth, which increases the area of the 
cambium itself. 

The numerical indices that describe the linear components of the growth 
of an internodal annual ring of wood are ring width, internode length, and 
mean circumference while the whole product is the increment of wood volume. 
Increment of cambial area is a self-explanatory term. Of these indices, the 
annual radial increment, or ring width, in the trunk and primary branches 
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of four specimens of red pine has been analyzed in the preceding paper of this 
series (5). The present paper extends the analysis to include the remaining 
indices of growth of the same four trees. Specific growth of cambial area and 
its relation to specific increment of volume will be examined separately in 
the following paper. 


II. Materials and Derivation of Data 


II.1. Specimen Trees and Preparation of Wood Sections 

The data presented here are derived from the same four young trees whose 
ring widths formed the subject of the preceding paper, where the trees are 
described (5). 

To recapitulate briefly, they were: 

Tree K55.1—open grown in the Petawawa Forest Experiment Station, 
Chalk River, Ontario. Collected in 1955. 

Tree C53.5—open grown in Camp Borden, Ontario. Collected in 1953. 

Tree XA57.18—in a 6’ X6’ plantation near Craighurst, Ontario. Collected 
in 1957. 

Tree XA58.9—originally part of the same 6’X6’ plantation as XA57.18, 
but released in September, 1950, by thinning to a 24” K 24” spacing. Collected 
in 1958. 

The felling of trees and preparation of wood sections was described in the 
preceding paper (5). 


IT.2. Measurement of Growth Indices and Derivation of Data 

The measurement of internode length was direct, with the exception that 
a correction in length of the basal internode of each branch was made by 
estimation to allow for the portion buried in the trunk. 

The ‘“‘mean cambial circumference” 7 (7n2+7n_1) is the arithmetic mean of 
the circumference of the cambium at the beginning and end of the formation 
of each annual ring, and could be estimated from the lengths of the internal 
and external radii of the ring (7,1 and 7, respectively), the circumference of 
a circle being 27r. The ‘‘terminal circumference” (27r,) of a ring is its final 
or external circumference. The terminal circumference of the outermost 
wood ring is the ultimate circumference of the woody portion of any internode. 
Wood volume increment [tL (rn—fn_1) (rn + rn—1) where L is internode length, 
rn—-1 and r, the internal and external radii of a ring] is the algebraic product 
of internode length, ring width, and mean circumference. Mean cambial 
area [7L (rn + fn—1)] is the product of internode length and mean cambial 
circumference. 

For analysis of growth of the trunk and branches the same three types of 
longitudinal sequence are employed as in the previous paper. Type 1 is a 
diagonal, or oblique, sequence including rings laid down in any one year in 
consecutive internodes proceeding away from the apex of the trunk or branch. 
Type 3 is a vertical sequence including internodal rings laid down by cambia 
of uniform age, and type 4 is a modified type 3 sequence, used in analyzing 
branch growth, that eliminates the effect of changing branch position on the 
tree as it develops, and brings together internodes from branches having the 
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same serial position on the tree when the internodes were formed. A more 
complete description of these various types of sequences may be found in 
earlier papers (1, 5). 

The concepts of “‘pattern’’ and “‘configuration” are used in the same sense 
as in earlier papers of the series (1, 2, 5). As in discussing ring width, con- 
figuration in branches may refer to type 3 or type 4 sequences. 


III. Terminal Growth 


The first component of growth to be examined in this paper is internode 
length which, in our four trees, represents the annual addition to length of a 
stem or branch. 

Since the primary meristem is always at the apex of its axis and produces 
only one internode per season, the length of the internode may be expected 
to show the characteristics of configuration but not of pattern. 


III.1. Terminal Growth of Main Axis 

It was revealed in an earlier analysis (1) that the trend in terminal growth 
of the main axis conforms to that of the configuration of cambial growth. 
That this is also true of the four trees now under examination may be confirmed 
by comparison of the sequences of internode length in their main axes, which 
appear as solid lines in Fig. 1, with the type 3 cambial growth sequences for 
main axes which appear in the previous paper (5, Figs. 7-10). It is also true 
that annual fluctuations present a generally similar picture, and that instances 
of precession of the cambium (1) may be discerned. For example, in the open 
grown tree C53.5 (5, Fig. 8) peak values of ring width appeared in 1942 and 
1945, and corresponding peak values of internode length (Fig. 1) in 1943 and 
1946. This is selected as a conspicuous example, but others are also to be found 
on close inspection of the graphs. As already explained (1), it is not to be 
expected that this would be an invariable relationship, but its appearance 
indicates that in the trees with which we are concerned, as in those analyzed 
earlier, there is evidence that conditions existing at the time of formation of 
the terminal bud may frequently have a prominent effect on the internode 
length achieved in the following year. 

In trees XA57.18 and XA58.9, which were sister trees in a 6’ X6’ plantation 
until 1950, there is close correspondence in trend of internode length from 
1940-1950, ending with a definite drop from 1949 to 1950. This follows upon 
a sharp drop in radial growth in both trees from 1948 to 1949, and provides 
another instance of precession of the cambium. But the released tree XA58.9 
shows a departure from the general rule of correspondence of cambial and 
terminal growth. This appears as a marked depression of internode length 
after liberation of the tree at the end of 1950, and lasts until 1954 when 
internode length regains the approximate magnitude of 1948-1950. During 
the same period of time, from 1951 to 1953, ring width was greatly increased 
(cf. 5, Fig. 10). In the meantime the companion tree XA57.18, which remained 
in a 6’X6’ stand, showed mild fluctuations but no essential change in inter- 
node length. Such a response to release of a tree is unexpected. Hummel (8) 
reported average heights of two species of pine that were the same in thinned 
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Fic. 1. Internode lengths of main axis and branches of four trees. Solid lines represent 
the main axis, broken lines the branches. The number subtending each sequence is the 
number of the whorl in which the branch occurred when the tree was cut. 
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axis of a number of trees in the Craighurst plantation have been measured, 
and we may compare suppressed and released trees in three situations within 
the plantation, which was subdivided into three areas of which XA was ona 
southern slope, XB on level ground at the bottom of the hill, and XC on level 
ground at the top. 

Figure 2 shows internode lengths of 29 trees in all, 17 of which were released 
while 12 remained suppressed. Figure 2C represents four released and four 
suppressed trees from the upper level. Lines represent individual trees and 
crosses show the average for the group in each year. A vertical line marks 
the time of release of trees in the group marked R, while those marked S 
remained suppressed. The two sets of sequences correspond well, and no 
obvious effect of release on internode length is to be seen in this location. 
There is an increase in 1951 over 1950, but this is similar in both suppressed 
and released trees and reflects poor conditions at the site in 1949-1950. 
Figure 2B compares trees in the lower level of the plantation. All of the sup- 
pressed and one of the released trees show a fairly steady upward drift from 
1951 to 1957. Two released trees show a small temporary depression in 1952- 
1953, while only one shows a major decrease extending from 1952 to 1954. 
Figure 2A represents four suppressed and nine released trees on the hillside, 
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Fic. 2. Internode lengths of main axis of trees in the Craighurst plantation; S, sup- 
pressed, R, trees released in September 1950. Lines represent individual trees, crosses the 
yearly average for a group. A—trees on the hillside; B—on the lower level; C—on the 
upper level. 
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and here all nine released trees show a major dip in internode length in 1952— 
1953 or 1952-1954. This was of greatest magnitude in XA58.9, the tree chosen 
for complete analysis and represented in Fig. 1. Of the four suppressed trees 
one was uniform in internode length with only mild fluctuations between 
1951 and 1956. This was XA57.18, also shown in Fig. 1. The contrast between 
these two trees therefore shows the maximum deviation of a released from a 
suppressed tree. The other three suppressed trees on the slope had at least one 
very short internode in the years after 1950, one being of minimum length in 
1951, one in 1953 and one in 1957. Asingle tree may therefore produce a short 
internode for 1 or 2 years while sister trees grow normally, and this may happen 
without reference to the release of the tree. However, since the nine released 
trees on the hillside all had depressed longitudinal growth in the years 1952- 
1953 with partial recovery in 1954, this must be recognized as a consistent 
feature of the configuration of terminal growth of released trees in this partic- 
ular situation. That it is related to the situation is obvious because only 
one of four trees on the lower levels showed a depression of similar magnitude 
in the same years, and none of the four on the upper level. 

While it therefore appears that a temporary depression of longitudinal 
growth of trees on the hillside is a consequence of thinning the plot, it is by 
no means easy to account for it. It is true that XA58.9 produced a few cones 
in the years of minimum internode length, while XA57.18 did not. In 1952, 
for instance, XA58.9 had nine female cones at the peak of the tree (first two 
whorls) of which two were at the base of the leader and in 1953 it had six 
cones on the leader and the first whorl of branches. It had none in 1954 or 
1955 and the suppressed tree XA57.18 bore no cones in any of these years. 
But it is doubtful whether such sparse cone production can be held responsible 
for a drastic reduction in terminal growth of the leader. The years 1949 to 
1952 were four consecutive years of low rainfall in May and June in the area, 
and as a consequence one might expect poor terminal growth in 1950-1953. 
If water stress were the limiting factor for growth, then exposed trees on the 
hillside might be expected to feel it more than closely planted trees which 
would transpire less, or trees on level ground where surface runoff would be 
less. Whatever the explanation the depression was temporary and ultimately 
the released trees produced internodes comparable in length to those formed 
before their release. The final effect of release of the tree, then, is to cause no 
significant change in the annual terminal growth of the main axis. Since 
this occurs at the apex of the tree, whose environment is not affected by 
release, the outcome is consistent with the hypothesis advanced by Duff 
and Nolan (1) that terminal growth is under the control of extrinsic factors. 


ITI.2. Terminal Growth of Branches 

We have seen that the cambial growth of branches is affected by the external 
situation of the tree as a whole and also by the situation within the tree of the 
individual branch concerned. It may therefore be supposed, if the general 
analysis is correct, that terminal growth will be similarly affected. That it is 
will be readily observed by reference to Fig. 1 where the internode lengths of 
branches are shown as broken lines, numbered according to the whorl in which 
each branch occurred. Since each internode of a branch is formed by growth of 
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the terminal bud of that branch, each internode achieves its full length while 
in a peripheral position on the tree. Consequently one would expect the sup- 
pressing effect of overlying branches to be minimal in open grown trees, 
and maximal in a tree closely surrounded and shaded by its neighbors. This is 
manifest in Fig. 1. In the open grown trees K55.1 and C53.5 the branches 
from whorls below the top five show a consistent, though slight, annual decline 
in internode length (as in ring width, cf. 5, Figs. 7-10), whether the main 
axis shows an upward, uniform, or downward trend. But the downward 
trend in the branches of these trees is mild compared with the strong down- 
ward trend displayed by the branches of the close plantation tree XA57.18. 
That this sharpening of the suppression of terminal growth of the branches 
is the result of interference on the part of closely neighboring trees becomes 
clear when we examine the internode lengths of branches in tree XA58.9. 
Until 1950 this tree was similar in situation to tree XA57.18 and the branches 
show a similar decline in terminal growth in whorls 12-16. The only exception 
is whorl 10, which, in 1950, was the second whorl on the tree and therefore 
not greatly affected by the one young whorl above it. It will be noticed that 
the internode developed in 1951 from the 1950 bud was still shorter than that 
developed in 1950, which provides a conspicuous example of the effect of con- 
ditions during development of the bud upon longitudinal growth in the follow- 
ing year. At the end of 1950 the near neighbors were removed from the vicinity 
of this tree, and the buds formed in 1951 produced markedly longer internodes 
in 1952 in the lower whorls but not in those which were then near the top of 
the tree. This can only be interpreted as the effect of releasing the tips of the 
lower branches from suppression by neighboring trees, especially since there- 
after the decline in successive years was much less steep, and much more 
nearly like the picture presented by the open grown trees than that presented 
by tree XA57.18, which remained suppressed during the period 1950-1957. 

The internode lengths of branches as recorded in Fig. 1 bear out, in a general 
way, the observation of Friesner (6) that in any one year the terminal growth 
of lower branches is less than that of higher branches, and, with few exceptions, 
the terminal growth of upper branches is less than that of the primary axis. 

We have seen earlier (5) that configuration of ring width in a branch is 
affected by the circumstance that successive internodes from apex to base of 
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Fic. 3. Type 4 sequences of internode length in the branches of trees XA57.18 and 
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the branch were formed when the branch was in a higher and higher rela- 
tive position on the tree, and that this effect can be eliminated by using a type 
4 sequence in which the ‘“‘contemporary”’ serial number of a whorl is used. 
Consequently type 4 sequences were compiled for internode length of branches 
of tree XA58.9 and XA57.18, and are shown in Fig. 3. These sequences were 
derived in the same manner as type 4 sequences of ring width, and a detailed 
account of their derivation is given in the previous paper (5). This type 
of sequence eliminates the effect of changing relative position of the branch 
as it develops and portrays the succession of internodes each of which was 
contemporarily in the position shown by the whorl number in Fig. 3 when the 
internode in question was formed. Each internode length appearing in Fig. 3 is 
an average for four to eight internodes in different branches of the same whorl. 

In tree XA57.18, only in the top three whorls did internodes grow to a 
length of 20-30 cm in all years from 1950-1957. Below the third whorl, 
successively lower whorls had formed shorter internodes during the same years 
in this close-plantation tree. 

Tree XA58.9 gives a similar picture in the years before its release, 1944- 
1950. After 1950, however, when neighboring trees were removed, internodes 
formed in whorls as low as the 8th had, in later years, lengths above 20 cm, 
and only those formed in the 9th and lower whorls showed progressive intra- 
tree suppression. The sequences for these lower whorls appear as broken lines 
in Fig. 3. Whorls as low as the 11th were able to respond in some measure to 
release of the tree by improved terminal growth in subsequent years. The 
configuration of whorls 10 and 11 was virtually free from the random effects 
of annual variation in external conditions, which suggests that here the ex- 
posure of the periphery of the tree to better illumination was an overriding 
factor in terminal growth of branches in this position. In still lower whorls no 
improvement occurred, perhaps because by the time they were in this position 
encroachment of neighboring trees as well as the improved growth of overlying 
branches brought about suppression of even the apical portions of these 
branches. 

In the upper whorls of tree XA58.9 there is in the branches as well as in the 
main axis (Figs. 1, 2), a tendency to temporary depression of terminal growth 
in the years 1952-1953 that is not duplicated in the suppressed tree XA57.18; 
but from the 7th to the 11th whorl improved exposure was the dominant 
influence. 


ITI.3. Discussion of Terminal Growth 

The sequences of internode length in the main axis have the attributes of 
configuration since the growth in length occurs always in the apical internode. 
Sequences of internode length in branches, however, are affected by an 
intrinsic factor related to branch position. When this is eliminated by using 
type 4 sequences it is found that under conditions of suppression and release 
the sequences of internodes formed when in the three uppermost whorls are 
similar to that of the main axis, and after release, terminal growth never 
greatly exceeds that before release. But the sequences of lower whorls show a 
marked improvement in terminal growth after release, until one comes to those 
laid down in the lowermost whorls where no improvement occurs. The apices 
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of trunk and branches at the top of the tree were well exposed even in the 
6’ <6’ stand and underwent no effective change in environment when the 
plot was thinned. The apices of the lowermost branches were always heavily 
shaded and underwent no effective change in environment. But the apices of 
intermediate branches were shaded in the 6’X6’ stand, but freely exposed 
in the 24’ X24’ stand, and it was in intermediate positions that the terminal 
internodes of branches achieved substantially greater growth in later years 
than in 1950 — 1951. 


IV. Increase in Circumference 


We next consider growth in circumference, which is the third linear com- 
ponent of the volume of an internodal annual ring of wood. This component 
derives from cambial growth which involves production of new cells by both 
periclinal and anticlinal divisions and, however complicated these processes 
inay be, they result in both radial and tangential additions to the permanent 
tissue and increase the amount of the cambium itself. We employ as a unit the 
‘‘mean cambial circumference’’, i.e. the arithmetic mean of the internal and 
the external circumference of a wood ring, which represents the mean cir- 
cumference of the self-replicating layer of the cambium because this is at all 
times on the periphery of the wood ring. 


IV.1. Growth in Circumference of Trunk and Branches 

Families of type 1 sequences of mean cambial circumference of all rings in 
all internodes of the main axes of our four specimen trees have been plotted, 
but for reasons of economy of space they are not reproduced here. They are 
similar in form to such sequences illustrated by Duff and Nolan (2). The 
open grown tree C53.5 presented a picture much like that of (2, Fig. 14); 
the plantation trees XA57.18 and XA58.9 much like that of (2, Fig. 15). 
The family of sequences for K55.1, while having a higher pitch than that of 
any of the other trees, also showed a certain amount of tailing off of individual 
sequences as did the plantation trees. 

A comparison of the maximum, or limiting, mean circumference reached in 
successive internodes of the main axes of all four trees is set forth in Fig. 4. 
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Fic. 4. Internodal sequences of maximum mean circumference for four trees, shown 
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A graph was obtained for each tree by joining points representing the largest 
mean circumference recorded in each internode, counted from the apex of 
the axis, at any time during its development. In accordance with expectations 
arising from an earlier comparison of three trees (2), the four curves of Fig. 4 
reflect the site conditions of the trees they represent. Increase in the circum- 
ference attained proceeds in approximately linear and nearly parallel fashion 
through all but the lowermost internodes, with the exception of the suppressed 
tree XA57.18. Tree XA58.9 benefited by its release and attained a greater 
circumference throughout the length of the trunk because of additional growth 
in the eight years following its release, divergence from the suppressed tree 
being greatest in the lower internodes of the tree where the total amount of 
cambium was greatest. 

The regularity of form in individual sequences of circumference in the 
families belonging to a single tree suggest an intrinsic control of multiplicative 
growth of the cambium, the differences associated with site being small so 
long as the tree was not suppressed. Suppression, which affects internal nutrit- 
ional gradients, had a greater effect. 

A further means of assessing the influence of suppression can be found in a 
comparison of individual branches within a tree. Such a comparison of the 
maximum circumference achieved by individual internodes of a few selected 
branches of two trees appears in Fig. 5. The upper group of curves represents 
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Fic. 5. Internodal sequences of maximum mean circumference for branches of trees 
C53.5 (upper) and XA58.9 (lower) shown as solid lines. Internodal sequences of terminal 
circumference for two branches shown as circles. Numbers subtending the sequences rep- 
resent the number of the whorl in which the branch occurred when the tree was cut. 
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the maximum mean cambial circumference of five branches of the open grown 
tree C53.5. The number subtending each curve is that of the whorl in which 
the branch occurred when the tree was analyzed and the curve represents the 
maximum mean cambial circumference in successive internodes proceeding 
from the apex of the branch. In the branches of whorls 8 and 11 basipetal 
increase in circumference was approximately linear throughout, and this 
was true of branches in all of the uppermost 11 whorls. In branches of lower 
whorls represented by 16 and 19, increase was linear in the distal region, but 
tapered off in basal regions, and in whorl 19 a limit was reached in about the 
13th internode beyond which the circumference increased only very slightly. 

This phenomenon was much more conspicuous in tree XA58.9, which began 
its life in a close plantation. Branches from four whorlsof this tree are represented 
in the lower group of curves in Fig. 5. Of these, the 8th whorl was initiated 
in 1951 after release of the tree and the growth in circumference was similar 
to that in whorl 8 of the open grown tree C53.5. Whorl 11 was the 3rd whorl of 
the tree at the time of its release, and only the basal three internodes of its 
branches had grown under conditions of suppression. Whorls 14 and 16 were, 
respectively, 7th and 9th from the top of the tree when it was released, and 
it is evident that they were already in so unfavorable a position as to suffer 
in subsequent years from suppression by the whorls above them. The branches 
of these whorls were in fact suppressed throughout their development, for 
when they were in a more favorable position on the tree, the tree itself was ina 
6’ X6’ stand. This will account for the greater restriction evident in corres- 
ponding whorls in the lower regions of this tree as compared with those of 
tree C53.5, which showed the same tendency to suppression of lower branches 
by upper, but which achieved greater girth because of the contributions made 
in the early years when they were in a favorable position on a tree in an open 
situation. 

A clear indication that branches in the lower whorls have a different distri- 
bution of circumferential growth may be obtained by further inspection of 
records for tree XA58.9 in Figs. 4 and 5. In addition to the maximum mean 
cambial circumference achieved, for example by the internode that was 
ist, 2nd, 3rd, etc. from the apex of the branch at any stage in its development, 
we have plotted as circles the terminal circumference or ultimate perimeter 
of the wood cylinder in the successive internodes of two fully grown branches 
and the main axis as they existed when the tree was felled. In the main 
axis and in the branch from whorl 8 there was a linear increase in terminal 
circumference from apex to base, following very closely the drift of maximal 
mean circumference. But in whorl 16 the picture is very different. Here the 
final girth of all but the basal internode of the fully grown branch falls well 
below that of internodes that were as far from the apex when the branch was 
shorter. For example, the maximum mean circumference of any 5th internode 
of this branch was between 4 and 5 cm and was achieved in the basal one of 
five internodes when the branch was in the 5th whorl. That same internode 
remained, of course, the basal one and is now the 16th, but it increased only 
slightly more in girth. The 5th internode in the branch when it was in whorl 
16 (terminal circumference) was only about 1 cm in girth, and only a few 
basal internodes finally attained a girth of more than 2 cm. The greater 
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ultimate circumference attained in the four or five basal internodes of whorl 16 
resulted from good growth of their inner rings while the branch was among 


the upper four or five whorls of the tree. 


It has been suggested (2) that the sequence of internodal perimeters along 
an axis will serve as an approximate index to the activity of multiplicative 
cambial growth. The present data confirm this so far as the main axis and 
upper branches are concerned, but it would be quite inadequate for lower 





branches. 
APEX 7 NUMBER OF THE INTERNODE FROM APEX os —_ 
2 . ee °° 9 2 3 « S$ 6 7 8 
10 a 
+9 
Whor! 8 branch 4 
+8 
' 
10 
6 
9 
we 
6 
‘ Whor! | branch 2 
6 
6 
4 
2 
10 
9 
& 4 8 
a Whor! 16 broneh | | 
rs) 6 
Pd s 
= 
= 
- 
x 
z 4 
z 3 
= Whor! '9 branch 6 
a 
y 8 
7 
6 
€ 
4 
5 
on, = . . 49 48 47 46 45 44 43 a2 4 a 39°«368 «3? 8S 
YEAR OF FORMATION 


Fic. 6. Type 1 sequence of mean cambial circumference for four branches of tree C53.5, 
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The growth in circumference of the branches that we have been considering 
is more fully portrayed in Figs. 6 and 7, where mean cambial circumference of 
their individual rings is shown. In Fig. 6 are all the type 1 sequences for four 
branches of the open grown tree C53.5, plotted in the first mode so that chronol- 
ogy is preserved and all rings of a single internode of the fully developed branch 
lie in a vertical series. The branch from whorl 8 represents the branches of all 
higher whorls as well, while those from whorls 11, 14, and 19 represent the 
changes that extend to the lowest whorl, number 22, which was much like 
whorl 19. 

In Fig. 6 type 1 sequences show, within each sequence, mean circumferences 
of all internodal rings from apex to base laid down in a single year, while the 
separate sequences, proceeding from the lower right hand corner, represent 
successive annual rings from the pith outward. The figure subtending each 
sequence is the number of the whorl in which the branch occurred when the 
ring was laid down. In whorl 8, the linear form of sequences and the relatively 
uniform intersequential spacing indicates that the circumference increased 
more or less uniformly throughout the growth of this branch. The branch 
from whorl 11 differs in the upper right hand portion, where circumference 
increased less in the basal internodes after the branch came to be in the 
7th or 8th whorl. In the branch from the 16th whorl this suppression of later 
growth is more evident in the closer intersequential spacing in basal internodes 
of branches when they were in relatively low positions on the tree. Linearity 
is lost because of the steeper gradient in circumference imposed during the 
first few years of growth of the branch, and suppression extends to the distal 
internodes. The same features are accentuated in the branch from whorl 19. 

It is apparent that the major increase in circumference of a lower branch 
occurs in the first 8 or 10 internodes formed in that branch. These internodes 
grew as the branch moved from the ist to the 8th or 10th whorl, while the 
more distal ones, which increased by a smaller amount annually, grew while 
the branch was in a still lower whorl. Suppression of circumferential growth 
therefore corresponds to suppression of ring width which was evident in this 
open-grown tree only in whorls lower than the 8th (5). 

Tree XA58.9—released from suppression: the data for this tree are in Fig. 7. 
Here the same relationships are patent, differing only quantitatively from those 
of Fig. 6. All rings of the 8th whorl and all but the three innermost rings of the 
whorl 11 branches developed after release of the tree in 1950. The array of 
sequences in the branch from whorl 8 is closely similar to that of the 8th whorl 
of tree C53.5 shown in Fig. 6. The whorl 11 sequences are also typical of a 
branch advancing from the 3rd to the 11th whorl in a tree growing in open 
conditions. It shows suppression in the later formed rings undoubtedly because 
of severe shading by the whorls of branches that ultimately overlaid it. 
This branch shows no sign of suppression in the years before release because 
it had not yet advanced beyond the 3rd whorl. The branch from whorl 14, 
on the other hand, was in the 6th whorl in 1950, and was already showing 
suppression. This corresponds to our earlier observation (5) that ring width 
was restricted in all whorls below the 4th or 5th in a suppressed tree. Release 
of the tree at the end of 1950 opened up the surroundings and the rings of the 
immediately succeeding years were correspondingly greater in circumference. 








424 


CENTIMETERS 


MEAN CIRCUMFERENCE IN 


CANADIAN JOURNAL OF BOTANY. VOL. 39, 1961 


NUMBER OF THE INTERNODE FROM APEX 


2 4 5 6 ? 8 9 410 2 3 4 15 6 
T T ee se ee Le ee ee 





,8 


Whor! 8 branch 3 


Whor! |! branch 2 


@ 55 


g 


Whor! 4 branch 2 


Whorl 16 branch 2 





Fic. 7. Type 1 sequences of mean cambial circumference for four branches of the tree 


XA 58.9. For explanation see subscript to Fig. 6 


But the branch was soon overtopped by more than eight whorls and even in an 
open-grown tree a branch begins to show signs of suppression when this occurs. 
The final branch of this tree that is portrayed was in the 16th whorl in 1958, 
in the 8th in 1950. As in the preceding branch, suppression was evident in all 
whorls below the 5th while the tree remained in a close stand. After the 
neighboring trees were removed this branch already had eight whorls above it 
and so was unable to share in the improvement in exposure. This branch may 


be contrasted with that of whorl 16 in tree C53.5 (Fig. 6), which suffered no 
suppression until it was overshadowed by later-formed whorls of the tree 
itself. The only major increase in girth of the whorl 16 branch of tree XA58.9 


occurred when the branch was less than 5 years old and in the top of the tree. 
Only in the basal internodes, therefore, was a substantial girth attained. 
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IV.2. Discussion of Growth in Circumference 

This mode of analysis reveals that the girth attained in any year by any 
internodal cambium in a branch is determined by an intrinsic factor or factors 
bearing a definite relationship to displacement from the base of the branch. 
Since each internode was at the periphery of the tree when it was formed, 
and the number of the internode as counted from the base of the branch 
corresponds to the position of the whorl in which it was initiated, it becomes 
clear that the major increase in girth of any branch internode occurred when 
it was both near the periphery and near the top of the tree. This is the same 
position that, as we have seen, favors maximum radial increment, or ring width. 
Increase in girth results from multiplicative growth of the cambium, but this 
is not independent of additive growth, or wood formation, for, as more wood 
is laid down, the cambium, which constantly occupies the periphery of the 
currently growing wood ring, must increase proportionally. The control 
of the two kinds of cambial growth will come under discussion in the following 
paper, and here we merely record the observation that as a branch grows and 
simultaneously changes its relative position on the tree its circumferential 
growth responds in the same way as does its radial growth. 


V. Wood Volume Increment 


In the preceding paper and in the foregoing sections of the present paper 
we have examined the three unidimensional components of growth of an 
internode: (1) vertical, resulting from longitudinal growth and represented by 
internode length; (2) tangential, resulting from multiplicative increase in 
cambial circumference; and (3) radial, resulting from additive growth on the 
part of the cambium and represented by ring width. Wood volume increment 
is the total annual production of wood by an internodal cambium and, geo- 
metrically, is the product of internode length, mean circumference, and width 
of the ring. The last of these components makes a numerically small contri- 
bution to the product, and we must regard the other two as the major numer- 
ical determinants of wood volume increment. However, the relative differ- 
ences in ring width from one portion of a tree to another, or from one tree to 
another, may be as great as relative differences in circumference or internode 
length, so in spite of its numerically small magnitude, ring width is not negli- 
gible when we seek to compare production of wood volume in different inter- 
nodes. 

Biologically, ring width and circumference are both derivatives of cambial 
growth and may be considered together as one biological component of wood 
growth, the other being internode length which is the outcome of growth of 
the apical meristem. Internode length, once set, remains unchanged, so that, 
except in a terminal internode, the longitudinal component of the volume of 
wood produced in any one year depends on terminal growth determined in 
previous years. The radial component, ring-width, depends on cambial growth 
in the current season. The mean circumference depends on multiplicative 
growth of the cambium both in the current year and in past years, and the 
relative contributions of past and present will vary with the position of the 
internodal ring. The distribution of annual wood production in a tree is there- 
fore a complex matter. Since the growth of the apical meristem appears to be 








CANADIAN JOURNAL OF BOTANY. VOL. 39, 1961 


426 


‘sayoursq UI Sut] Uso’ ‘SIXe UTE 9Y} UT JUBWIAIOUT OUINJOA 
poom jo usazje¥d ay} MOYS SOUT] POS UOL}IIS JOMO] BY} UT “SESSOID YIM saul] SB YIZuUa] spousazU! Jay} PUB ‘sSa]IIIO 
SP aQUaIaJLNIIIO UAW Jay} ‘saut] PIjos sv ssvadde sSula [ENUUL Pa}aJ9S JO YIPIA oY} uoijoas saddn ay} Uy “gT'LgWX 243 
—) ‘'6'8SVX 993—g ‘TSS 2243—V “s}uauOdWOd JeaUT] $}1 PUL JUAWAIOU! IUINJOA PooM jo aoUaNbes | adAy *g ‘DIY 


NOUVWHOS JO VIA 





20, 


Ss, 
i 








296! Ob, 
rn 





IWNIOA 


08 008 
001 4000: 


021-4002! 


400% 


+ SIXV NIVW ‘LN3W38ON 


-7009! 
| ¢ 
| = 


4) 


| $@yoU0Ig 'sDUI "JOA POOM ------ 
$1x0 wlOw ‘"s2U) "JOA POO —— | 

| 

} X3dv WOYs 3O0ONY3LNI 40 ¥38WNN 


aeauguggeraanoa6e8l9Se¢ 2! aeaugasgoncdanaésest9G¢ee 2 it 
Te ee Ce a T T — rT + ote 8 
Ss ia Pay He mT 
F 
> 


4 


° ° ° 





« 

4 

o 
JOONN3LNI 











| x ° ° 

| oo ° 4 4 O1402 
| "he “hy 2] § 
2} 
| es ° 4 . \ 4 Boe = 

| x 
| ° He a © a ° Pa * . < @ 
| F : 4 Soy & 
| o IN! z Q 
| ° Bony aot = 
Fai i — ea 
4 > ? 4 40s $ 
—e x, " e ° ff \ | 8 

—s x | 

LJjVrw 4 >° / gle ios 
i a La x _ 
bury — ” e Ly nm 
wipe Bur & 
| savevajunau2 YooW 0 0 0 g.* x -70L in 
yiSue) apouseyut x—x gI-uSWX 2 6-esvx 98 | o ° rosy 2 
iS eee = 











d 


THEI MiCal CAUCUMMCICMLL ao 
lid lines show the pattern of woo 


id lines, 


In the lower section so 


broken lines in branches. 


ction the width of selected annual rings appears as so! 
as lines with crosses. 


length 


volume increment in the main axis, 


——— ae 


tree XA57.18. In the upper se 


circles, and their internode 





FORWARD AND NOLAN: GROWTH AND MORPHOGENESIS. V 427 


under the control of extrinsic factors and that of the cambium primarily under 
the influence of intrinsic factors (1, 2, 5) the increment of wood volume is 
affected by both. We propose to describe in this section the annual increment 
of wood volume in trunk and branches of the four comparison trees and to 
consider the factors determining its distribution in the trees. 


V.1. Wood Volume Increment in the Main Axis 

In Fig. 8 are data for three trees showing increment of wood volume and its 
linear components. Fig. 8A represents the open grown tree K55.1. In the lower 
part of the figure are graphs of wood volume increment for two annual rings of 
the main axis, which were laid down in 1955 and in 1949. They appear as solid 
lines. Broken lines show, on a different scale, wood volume increment in the 1955 
ring of branches, and these will be referred to later. In the upper part of the 
figure are the linear components of wood volume for the main axis, which we 
shall consider first. It will be noticed that ring width is plotted on a scale 20 
times that used for internode length and circumference of the ring. Figs. 8B 
and 8C contain similar data for tree XA58.9, released from suppression, 
and for XA57.18, the close plantation tree. 

The graphs showing wood volume are type 1 sequences. As always they 
proceed down the tree, internode by internode, from the apex at the left 
towards the base as one moves to the right. The pattern of annual increment 
of wood volume consists of a more or less regular steep rise to a maximum, 
soon followed by a sharp decline which is less regular in form, but exhibits 
annual fluctuations which correspond to those of internode length and are 
obviously imposed by this component. 

The determinants of distribution of wood volume increment within a tree 
have been discussed by Duff and Nolan (2) and the present data are examined 
in the light of their interpretation. In a type 1 sequence the circumference 
of an internodal ring increases progressively from the apex of the axis down- 
wards, the ring width increases sharply for a few internodes and then declines 
more or less, while in the three trees here under consideration the internode 
length undergoes sharp fluctuations but maintains an over-all uniformity 
(or in K55.1 a mild decline) in the upper 10 or 12 internodes, below which it 
falls away steeply. The basipetal increase in annual wood production 
proceeding from the apex of the tree conforms to the regular increase in 
circumference and extends far beyond the initial increase in ring width. 
The fluctuations exhibited by internode length are absent from the early 
portion of a sequence of wood volume increment, but gradually they increase in 
magnitude, and beyond the position of the maximum in the sequence they 
correspond closely to those of internode length. It is clear that, in the basipe- 
tally rising phase of wood volume increment, increasing circumference is at 
first the dominant determinant, but that there is a gradually augmenting 
participation of internode length, and during the falling phase of volume 
increment the latter is the dominant component. A type 1 sequence passes 
through rings that in upper internodes lie close to the pith but in lower ones 
surround an increasing number of rings laid down in former years. The in- 
crease in circumference is, of course, the outcome of total cambial growth 
but more and more of it pertains to cambial growth of former seasons as one 
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progresses down the axis. Although the absolute increment of circumference 
in consecutive internodes is fairly uniform the relative increment diminishes. 
In the first few internodes the annual increment in mean circumference is more 
than 50%. At the end of the phase where circumference dominates wood 
volume it has fallen to about 20%, and in the lowest internodes examined it is 
5% or less. It is therefore where circumference is changing by less than 20% 
per year that internode length exerts its full influence’ on wood volume. 

The foregoing considerations would apply to any one of the rings shown in 
Fig. 8 for the three trees although there are obvious quantitative differences 
among trees. In the first place, it is clear that the open-grown tree K55.1 was 
the most productive of wood in a given ring, while the suppressed tree XA57.18 
was least productive. Inspection of the upper sections of the figure will show 
that differences in internode length were not conspicuous, and that the pro- 
ducts of cambial growth (ring width and circumference) were chiefly res- 
ponsible for the large differences among trees in wood production. 

Another conspicuous difference between trees lies in the number of inter- 
nodes in the rising phase of the sequences, and therefore in the phase where 
wood volume is determined by total cambial growth. In K55.1, grown in the 
open, nine internodes of the last-formed ring lie in this phase; in XA58.9, 
released in 1950, 10 internodes; but in XA57.18, the suppressed tree, only 
five internodes comprise the steeply rising phase. 

The second open grown tree, C53.5, exhibited similar features, as may be 
seen in Fig. 9 where the abscissal scale is more extended. Here the wood 
volume increment in two annual rings of the main axis is again shown by solid 
lines, together with internode length. Ring width and mean circumference are 
omitted, but they were similar in pattern to those of the other three trees. 
The strong influence of internode length on wood volume increment below the 
10th or 11th internode is very conspicuous here, while the failure of wood 
production to correspond to internode length in the upper portion of the tree 
reveals the controlling influence of total cambial growth in this region. 
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Fic. 9. Type 1 sequences of wood volume increment in tree C53.5. The line with crosses 
represents internode length. Solid lines represent sequences of volume in two annual rings 
of the main axis. Broken lines show volumes in the rings laid down in 1953 by branches 
in different whorls. Dotted lines show volumes in rings laid down in 1941 by branches. 
The numbers subtending branch sequences are the numbers of the whorls in which the 
branches occurred in 1953 (those in parentheses the whorls in which they occurred in 1941). 
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These observations on the pattern of wood production in the main axis of 
our four trees conform to those on earlier trees and serve to confirm the princi- 
ples derived from them by Duff and Nolan (2). The maximating and then 
declining pattern of wood volume increment can be construed as a transition 
from the dominant effect of total cambial growth, in the upper part of the 
tree to the dominant effect of past apical growth in the lower part. Control 
by the cambium spreads farther down the tree in open conditions where 
foliated branches are better exposed to light and consequently provide for a 
greater access of nutrients to the main axis at their bases, for here the total 
amount of cambium increases at a high relative rate through more internodes. 

That the effective factor is total amount of growing cambium may be seen 
by comparing the pattern of wood volume increment in tree XA58.9 (Fig. 8B) 
with that of mean cambial area (Fig. 11). The latter is, of course, the product 
of mean circumference and internode length. The third component of volume, 
ring width, being numerically small, makes a modest contribution to volume 
but does not change the general form of its pattern. 


V.2. Wood Volume Increment in the Branches 

The production of wood in the branches is similar in pattern to that in the 
main axis. Broken lines in Fig. 8 represent sequences of wood volume incre- 
ment extending back from the apices of various branches during the last year 
of growth of each tree. The number subtending each branch sequence is that 
of the whorl in which the branch occurred. In tree K55.1 (Fig. 8A) wood 
volume increment, although absolutely less than in the main axis, followed 
a similarly steep increase away from the apex of the branch in the top nine 
whorls, while in lower whorls wood production was suppressed. In tree XA58.9 
(Fig. 8B) a steep increase occurred in the branches of the top 10 whorls, but 
not in lower ones. In XA57.18 (Fig. 8C), which was closely surrounded by 
other trees, secondary suppression of wood production was evident in branches 
below the top five whorls. 

In Fig. 9 broken lines show wood volume in branch rings laid down in 1953 
by tree C53.5. Again, in the uppermost 11 whorls, i.e. in that portion of the 
tree where wood production was increasing basipetally in the main axis, 
there was also an increase away from the tips of the branches, while branches 
of lower whorls were unable to keep pace in wood production. The branch 
rings laid down in 1941 are shown in Fig. 9 as dotted lines, and by comparing 
those laid down in 1953 in corresponding whorls, one can see the effects of 
suppression due to position on the tree. The first internode of the main axis 
sequence of 1941 was then at the apex of the tree, and its rising phase of wood 
volume increment was under control of cambial growth in what was then the 
upper portion of the tree. The 15th whorl of 1953 was in 1941 the 3rd, the 
17th was the 5th, and so on. (The 1941 position of each whorl is shown in 
parentheses.) In 1953 the production of wood in a branch of the 17th whorl 
was negligible, but in 1941 when the same branch was in the 5th whorl it 
made an appreciable increment in wood volume. So also did the branch that 
was then in the 9th whorl, while this same branch in 1953 when it was in the 
21st whorl was virtually incapable of wood production. 

Reference to Fig. 11 will show that the secondary suppression of cambial 
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activity in branches of lower whorls results in small cambial area even in the 
outermost rings and, as in the main axis, this appears to be the effective 
determinant of wood volume increment. It depends, of course, on both inter- 
node length and mean circumference. 

While the wood volume increment of branches has been included in Figs. 8 
and 9, none of the linear components for branches are shown there, and in 
order to learn whether the same controls are exercised within an individual 
branch as in the main axis, it is necessary to plot at least the internode lengths 
for certain branches along with wood volume sequences. This is done in Fig. 10 
for a selection of the last-formed branch rings from three trees. Solid lines 
represent internode length, broken lines wood volume. Because it is desirable 
to include several branches from each tree, the inclusion of all the linear 
components of volume would lead to confusion. It may be assumed that circum- 
ference increases steadily away from the apex of the branch and that ring 
width (much smaller in magnitude) increases for two to four internodes in the 
upper 9 or 10 whorls in an open-grown, or 5 whorls in the close plantation 
tree. 
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Fic. 10. Wood volume increment and internode length in branches of three trees. 
Solid lines represent internode lengths. Broken lines represent the type 1 sequences of 
wood volume increment in the final year of each tree’s existence. The numbers subtending 
the sequences are whorl numbers. 


Internodes in the branches are somewhat shorter than those of the main 
axis, of the general order of 20 to 80% according to position. But wood volume 
is of an altogether lower order of magnitude, a branch internode being slenderer 
than one in the trunk. Numerically, therefore, internode length is the largest 
component of wood volume in a branch and one might expect its trend to be 
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strongly imposed on the sequences of wood volume increment. In spite of this 
it is clear that in the open grown tree K55.1, shown in the lower portion of 
Fig. 10, wood volume increment fails to correspond to internode length in the 
distal parts of branches in the top nine whorls. Here, therefore, as in the 
upper portion of the main axis, wood production is limited by the components 
produced by the cambium. In the 13th whorl volume increment parallels 
internode length throughout the branch, but is small in amount, and in whorl 
15 it is even more depressed although internode length is not essentially differ- 
ent from the sequence of whorl 13. In these lower whorls we see the effect 
of secondary suppression of cambial activity imposed by the overlying bran- 
ches, while internode length, determined in successive years at the periphery 
of the tree, is relatively mildly suppressed. 

Tree XA58.9, shown at the top of Fig. 10, was released in 1950 and by 
1958 was again showing a mild degree of interference from surrounding trees. 
Under these conditions determination of wood increment by total cambial 
growth is evident in the top eight whorls of branches, for here wood volume 
rises as one proceeds away from the branch apex while internode length 
shows considerable annual variation but no steady drift. In the basal portion 
of a branch in whorl 8 wood volume parallels internode length and throughout 
whorl 10 the two correspond. But the 1958 ring laid down in whorl 12 produced 
very little wood while internode length underwent large changes within the 
sequence. Here, then, the secondary suppression of wood production by the 
cambium, both past and present, imposed by overlying whorls, extends 
throughout the branch and keeps the amount of growing cambium small 
(cf. Fig. 11, whorl 14, branch 2). 

We have seen that in trees with good peripheral exposure the intratree 
suppression of terminal growth is mild. But in tree XA57.18, which was closely 
surrounded by other trees, internode length in the branches decreased sharply 
as a branch was overlaid by new whorls, and the rising sequence of internode 
length combines with a rising sequence of circumference to give a rising 
sequence of wood volume increment in the top five whorls. It is not possible 
in this tree to segregate the effects of length and circumference of the inter- 
node upon wood volume in the upper branches. In whorls below the 5th, 
however, the secondary suppression of wood growth by suppression of cambial 
activity becomes evident in the very small wood volume increments of whorls 
7 and 9 even in internodes of lengths nearly equivalent to those of the 3rd 
and 5th whorls. 


V.3. Discussion of Wood Volume Increment 

In the total annual production of wood the four trees examined here bear 
out the principles evolved to explain the observations made on earlier trees 
(1), namely that in the upper portion of the main axis of a tree the production 
of wood in any year is dominated by the status of the cambium, while in the 
lower portion it is determined mainly by the past activity of the apical meri- 
stem, and that the extent of these two regions is related to the external situ- 
ation of the tree. In an open-grown tree where foliage-bearing branches 
extend down a longer portion of the trunk, the influence of the cambium is 
extended. 
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The branches reflect the situation in the main axis so long as they are in an 


( 
exposed position, but when they are overshadowed by higher whorls or by : 
neighboring trees, a secondary suppression of cambial growth again limits the ’ 
production of wood. Upper branches have few internodes all or most of which 
are included in the distal region where wood volume increment is limited by 1 


increase in circumference. Older, lower, branches have more internodes, and 
internode length might be expected to be the dominant component of volume 
increment in their basal portions. But secondary suppression of cambialactivity 
again places wood production under limitation by total cambial growth. The | 
result is that, in branches, internode length is a less important determinant of 
wood volume than in the main axis, and the comparative slenderness of a 
branch internode is dictated by either primary or primary and secondary 
limitation of cambial growth. 

The foregoing analysis has been confined to sequences of type 1 because 
vertical sequences of the 3rd and 4th types such as were used to reveal con- 
figuration of radial increment would not have the same meaning if applied 
to wood volume increment. This is because neither of the chief components, 
internode length or mean circumference, depends solely on events of the 
current year. The length of an internode, fixed when it is initiated, affects the 
volume of all annual increments in that internode in subsequent years. The 
radius of the wood cylinder formed in preceding years influences the mean 
circumference of any ring. Only the numerically small radial component, 
ring width, is determined wholly within the current year. Consequently the 
volume of wood produced in an internode in any year is dependent on a com- 
plex of events, past and present, and vertical sequences will not align the 
effects upon cambia of uniform age of conditions within a single growing 
season. That is to say, the vertical sequence will not have the attributes of 
configuration. 

The production of wood and the factors affecting it are important both 
from a practical and a theoretical point of view, but because temporal and 
spatial elements in its determination are inextricable, the distribution of wood 
volume increment cannot be used as a simple index to the operation of a 
particular factor. Nevertheless it has been possible to gain some insight 
into the principles underlying its distribution throughout the trunk and 
branches of a tree and to see at work the same factors that are more simply 
related to other indices of growth. It is clear that the same influences operate 
in branches as in the main axis and are modified by the position of the branch 
on the tree. 


VI. Mean Cambial Area 


A brief section on mean cambial area is included because it provides a mea- 
sure of the amount of growing cambium in any internodal ring. It has already 
been shown that this is the prime determinant of volume increment, and it is 
a necessary datum for assessment of specific activity of the cambium which 
will receive attention in the following paper. Its co-ordinates are the length of 
the internode and the mean circumference, and since the former is the outcome 
of activity of the apical meristem and the latter of multiplicative growth of 
the cambium, the area achieved is the resultant of these two processes each 
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of which, as we have seen, had made some or all of its contribution in previous 
years. It will at once be obvious that mean cambial area differs from wood 
volume increment only in the exclusion of ring width as a component, and that 
most of the considerations concerning the distribution of the latter apply also 
to the former. 

The pattern of mean cambial area is illustrated in Fig. 11 for one tree only. 
In Fig. 11 all annual rings for the main axis and two branches of tree XA58.9 
are represented. By comparison with Fig. 8B it may be seen that the pattern is 
similar to that of wood volume increment, modified somewhat, but unchanged 
in essentials by omission of ring width. The variations in pattern of volume 
increment shown in Figs. 8 and 9 will therefore indicate the variation in pattern 
of cambial area in the trees that are not illustrated. Internode length is included 
in Fig. 11, and it should be observed that that of the main axis is on a displaced 
ordinate scale, and falls to very small values in the last internodes of the 
sequence. It is obvious that in the lower internodes of the main axis cambial 
area follows the trend and exhibits the fluctuations of internode length. In 
the upper internodes cambial area is small because here the rings are of small 
circumference (cf. Fig. 8B). 

The space intervening between any two sequences indicates the increment 
of cambial area in a season and it will be observed that in the main axis this 
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Fic. 11. Type 1 sequences of mean cambial area for two branches and the main axis of 
tree XA58.9. Broken lines represent internode length, solid lines mean cambial area of 
individual annual rings. 
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increases above the sequence in the 9th internode. This coincides with release 
of the tree, the eight uppermost sequences having been formed after 1950. 

Of the two branches portrayed that from whorl 8 developed entirely after re- 
lease of the tree, and the mean cambial area was determined, as in the corres- 
ponding portion of the main axis, largely by the basipetal increase in cambial 
circumference and to a minor extent only by internode length. The uniform 
spacing of sequences indicates a steady annual increment of cambial area 
with no evidence of secondary suppression. This is expected in the 8th whorl 
of a tree in open conditions. 

For contrast we include a branch from whorl 14 which began its develop- 
ment while the tree was in a 6’ X6’ plantation. The lowermost sequence, with 
two internodes, was laid down when this branch was in the second whorl, 
the next with three internodes, in the third whorl, and so on. The rings laid 
down in the 5th, 6th, and 7th whorls show small annual increments, which 
we may put down to suppression of cambial activity in these positions in a 
close plantation tree. After removal of the neighboring trees there is some 
temporary improvement in annual increment but by the time the branch 
was overlaid by 9 or 10 whorls secondary suppression set in and increment of 
cambial area was negligible in the last 2 or 3 years of the branch’s existence. 
The final result was restricted cambial development throughout the branch. 
Its distal internodes developed only after it was overshadowed by many 
whorls; its basal internodes, though initiated when in a more favorable 
position on the tree soon came to be suppressed by neighboring trees and later 
by overlying whorls of branches. The ultimate cambial area in basal internodes 
of whorl 14, with 11-14 annual rings, was distinctly less than in whorl 8, 
with 5-8 annual rings, although the lengths of the internodes involved 
were at least as great. 

In trees that were always in the open the lower branches achieved greater 
cambial area because of the normal increments made while they were within 
9 or 10 whorls from the top of the tree. In the tree that remained in a close 
plantation they achieved less because of continued restriction from the time 
when they were overtopped by five whorls. 

Mean cambial area is the basis of reference for both specific increment of 
wood volume and specific increment of cambial area, the two manifestations 
of cambial growth activity. The former is a measure of production of wood 
per unit amount of cambium. It is equivalent to ring width and has been 
discussed at length in the preceding paper of the series (5). The latter is a 
measure of production of new cambium per unit of existing cambium, and will 
be discussed in the following paper. 


VII. Conclusion 


The present paper completes the analysis of the linear components of growth 
in four red pine trees and considers the distribution of integrated growth in 
terms of wood volume increment. 

In the previous paper it was shown that the distribution of radial growth 
in branches is subject to the same influences as that of the main axis, but is 
modified by the position of a branch on the tree. The distribution of tangential 
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and longitudinal growth is here interpreted according to the same principles 
that were applied to radial growth. Increase in circumference, being a product 
of cambial activity, has a close affinity to radial growth, while longitudinal 
growth, confined to the apex of any axis, is less affected by branch position in 
an open grown tree. This may be attributed to the fact that at all stages of 
its development a large portion of the periphery of a tree in the open is well 
exposed. 

Release of a tree from suppression by its neighbors affects particularly the 
group of branches lying in about the 5th to the 10th whorl at the time of release 
together with those internodes of the main axis that lie below these branches, 
and imparts to the subsequently developed portions of the tree the character- 
istics of growth in the open. 

Interpretation of the distribution of the total annual production of wood is 
complicated by the fact that it is not directly referable to the current activity 
of either cambial or apical meristem but depends largely on the past activity 
of both. If this is kept in mind, however, an insight into the control of integrated 
growth of trunk and branches may be obtained. 

The analysis of branch growth reveals that branches in the upper, well- 
exposed portion of a tree repeat the patterns of the main axis while config- 
urations of growth in the existing branches are affected by the changing 
position of the branch relative to the apex of the tree as its successive inter- 
nodes develop. The value of branch analysis for purposes of investigating 
biological controls of growth derives from this changing relative position. 
Individual branch internodes of a single tree provide a great variety of bio- 
logical entities, genetically identical but each differing from others in its re- 
lation to both intrinsic and extrinsic factors. They therefore afford good poten- 
tialities for the investigation of factorial control of growth, and the analysis 
that has been presented provides a basis of reference for such an investigation. 
Further data are on hand for an inquiry into the nature of some of the factors 
controlling cambial growth and will be presented in a subsequent paper. 
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NOTE ON THE EFFECTS OF CALCIUM CONCENTRATION IN CULTURE 
SOLUTIONS UPON THE LEAF AND WHOLE PLANT ABSORPTION OF 
IRON AND MANGANESE BY DWARF KIDNEY BEAN 


C. D. TAPER AND W. LEACH 


The following reports a study of the absorption of iron and manganese by 
dwarf kidney bean, Phaseolus vulgaris var. humilis, grown for 30 days in 
water culture according to procedures used in a previous study (1). The 
culture solution provided a wide range in iron and manganese content, and 
two concentrations of calcium. The one new feature in the present paper is 
that spectrophotometric analyses were made on whole plants as well as on 
leaves, whereas in the earlier study the analyses were on leaves only. 

Data are given in Table I (p. 438). A depressant effect of iron or manganese 
upon the absorption of the other, and of calcium upon both, is evidenced. An 
increase in the concentration of either iron or manganese relative to the other 
in the culture solution resulted in a depression of the accumulation of the other 
in both leaves and whole plant. A similar effect in respect of both metals, 
regardless of their concentrations and the ratio between them in the culture 
solution, accompanied an increase in the calcium concentration in the solution. 
Further, iron: manganese ratios in the culture solution were related to the 
presence or absence of deficiency symptoms apparent as leaf chloroses. It will 
be noted that the average dry weight of plants exhibiting deficiency symptoms 
tended to be low. Calcium level seemed a factor determining the optimum 
iron: manganese range supporting the growth of healthy plants. It will be 
noted that this was narrowed to 2.0 in the case of high calcium, 143 p.p.m. 

Although the results with whole plants represent new information, the 
conclusions are essentially those reached by analyses of leaves only; and the 
foregoing support the conclusions in the previous paper (1). 

The data show that both iron and manganese are required for healthy 
plant growth and, for a given set of conditions, indicate the necessity for a 
minimum amount of any one metal, iron or manganese. For instance, the 
minimum content of iron for healthy growth in solutions containing high 
calcium, 143 p.p.m., appears to be somewhere between 0.458 and 0.740 mg/g 
dry wt., whereas with low calcium, 42 p.p.m., it is somewhere between 0.299 
and 0.476 mg/g dry wt. In general, the new data suggest that the effects of 
the ions in the culture solutions are effects on uptake as such and not simply 
upon accumulation in the leaves. 


1. Taper, C. D. and Leacn, W. 1957. Studies in plant mineral nutrition. III. The effects of 
calcium concentration in culture solutions upon the absorption of iron and manganese 


by dwarf kidney bean. Can. J. Botany, 35, 773-777. 
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G. H. DUFF MEMORIAL SYMPOSIUM 
ON DEVELOPMENTAL PHYSIOLOGY’ 


INTRODUCTORY REMARKS BY THE CHAIRMAN 
G. KRoTKOV 


If one examines the opportunities for graduate work in Plant Physiology 
in Canada, one will find that a prospective student can go to a number of 
Canadian Universities for his complete training up to Ph.D. This, however, 
is something new. Until the last 10-15 years there were only two universities 
in Canada which provided such facilities. These were the University of 
Toronto and McGill. 

As professor of Plant Physiology at the University of Toronto since the 
early twenties, the late Dr. G. H. Duff has been training Canadian plant 
physiologists for the last 40 years. His students now occupy positions in 
various academic and Governmental institutions from coast to coast and 
through them he has exerted a strong influence on the development of this 
field of botany in Canada. 

His influence, however, has been not only through his students. It was 
Dr. Duff who, about 10 years ago, invited a number of Canadian plant physiol- 
ogists to come to Toronto for a day of informal discussions. The meetings 
were so successful that it was decided to hold them every year. They were 
held informally in subsequent years at various Governmental and academic 
institutions until, at our last year’s meeting in Saskatoon, a Canadian Society 
of Plant Physiology was organized. 

While the first meeting of Canadian Plant Physiologists was held at the 
University of Toronto, for each successive gathering we went to some other 
institution. Now we have returned to Toronto for the second time. In view 
of the contributions of Dr. Duff to the field of Plant Physiology in Canada, 
your Executive thought that it would be appropriate at this meeting to have 
a symposium in his honor. The question was raised: what ought to be the 
subject of this symposium? 

Very early in his career Dr. Duff became interested in developmental 
physiology. Over a period of years he and his students studied respiratory 
ontogeny of wheat leaves and its relation to leaf metabolism in general. In 
later years he became interested in the enzymic changes taking place during 
ontogeny, as well as in the problem of growth and morphogenesis in Canadian 
forest species. In view of these interests of Dr. Duff, it was decided to hold a 
symposium in the field of developmental physiology. We have with us three 
speakers, who will discuss three different aspects of this subject: 

Dr. F. C. Steward from Cornell University will speak on the ‘“Organi- 
zation and Integrations: Some Outstanding Problems in Cells and Plant 
Physiology”. 
1A symposium of the Canadian Society of Plant Physiologists held on June 2, 1960, at the 

Department of Botany, University of Toronto. 
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Dr. E. T. Biinning from the University of Tiibingen will speak on the 
“Endogenous Rhythms and Morphogenesis’. 

Dr. G. A. Setterfield from the National Research Council in Ottawa 
will speak on the ‘Structure and Composition of Cell Organelles in Relation 
to Growth and Development”’. 
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VISTAS IN PLANT PHYSIOLOGY: PROBLEMS OF 
ORGANIZATION, GROWTH, AND MORPHOGENESIS! 


F. C. STEWARD 


Preamble 


At the First Annual Scientific Meeting of the Canadian Society of Plant 
Physiologists your present speaker presented, extemporaneously, a talk in 
which certain problems with which he had been, and is still, concerned, were 
passed in review. The purpose of this talk, as delivered, with its illustrative 
material was to present the challenge of plant physiology for those who will 
interpret the behavior of cells and organisms as highly organized, but closely 
integrated, living systems. 

A feature of the current scene is a whole new and thriving subject which 
has come to be called ‘‘molecular biology’’, beside which even the still fresh 
but somewhat older one of ‘‘comparative biochemistry”’ is already somewhat 
staid. Thus the modern science of genetics, which touches all branches of 
biology and was born with the rediscovery of Mendel’s Laws in 1900, stimu- 
lated a comprehensive approach to biological problems which easily crosses 
subject matter boundaries. It is in this trend that the sciences of comparative 
biochemistry and biochemical genetics developed, for these recognize that 
the basic enzyme catalyzed reactions of life are often similar from mouse to 
man, and that they in turn may be controlled and regulated by the enzymes 
which are gene-determined. It is a dramatic achievement that some account 
may now be given, through the ‘molecular biology’’ approach, of the way 
in which the blueprint of an organism is laid down, as it were, in “information 
centers’ composed of DNA molecules which control subsequent metabolic 
events. 

None of this is either denied or minimized. Nevertheless, this trend always 
stresses the similarities in nature, it deals with the properties that are basic 
and common to all living organisms. This becomes more apparent the more 
organisms are treated in terms of their individual chemical reactions and the 
properties of subdivided bits of the vital machinery, i.e. the particles which 
it is now so fashionable to study and the cell-free preparations in which it 
is the aim to emulate any given physiological activity which may be under 
investigation. Were this all, the modern botanist and plant physiologist 
might be content to lose his identity in one or other of the newer and fashion- 
able disciplines to which reference has been made. But this need not, and should 
not, be so. For in the techniques of subdivision and dissection the first casualty 
is that most distinctive physiological property of all—the capacity for growth; 
for this is a feature of the entire organization. It is in the culminating study 

'1Manuscript received December 27, 1960. 

Contribution from the Department of Botany, Cornell University, Ithaca, New York. 


Paper presented at the G. H. Duff Memorial Symposium on Developmental Physiology, 
University of Toronto, Toronto, Ontario, June 2, 1960. 


Can. J. Botany. Vol. 39 (1961) 
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of growth—the summation of all the functions of cells and tissues—that cell 
and plant physiology really comes into its own. 

Even after the living system has been subdivided into its most minute 
parts, its cells, particles, genes, DNA molecules, enzymes, proteins, etc., 
we might still know little about how the organism functions, how it grows 
and develops. As little, in fact, as one might know about the turmoil which is 
New York City by digging up a cemetery, and obtaining a glimpse of the 
skyline, on the one hand, or of the subway on the other. (The parallel is not 
inapt, since even a single carrot cell contains of the order of 10% water mole- 
cules, and for every million or so of these a protein molecule, a veritable 
molecular skyscraper exists, but even at this complexity a cell of carrot 
allows for 10° individual protein molecules of an average size of about 64,000.) 
A great challenge of modern biology then is to elucidate the problems of 
growth in such a molecular organization, for it is in the ability to grow that 
the gap between the animate and the inanimate is most apparent. The crucial 
task is here not merely one of dissection and of subdivision—not merely the 
recognition of properties of smaller and smaller units of the living system or 
of the effects of single variables or of single processes in isolation from all the 
rest—but it is primarily a task requiring synthesis, of showing how these 
separate entities, structures, and functions combine together to form the 
integrated harmonious whole which we recognize as the living cell, or or- 
ganism. 

In this field, differences are as important as similarities. While comparative 
biochemistry recognizes the similarity between Chlorella and an oak tree, 
there is obviously some point of essential difference between them! The cells 
of the phloem and the xylem, cut off from the same cambial element, may 
each receive the same genetic endowment, but what determines their respec- 
tive trends of development so that, within this same genetically predeter- 
mined range, they perform such different functions in the organism as a 
whole? And who could contemplate the dramatic events of photoperiodism 
upon the form, the function and reproduction of plants without recognizing 
the underlying problem of morphogenesis which is to determine how such a 
complex organization responds by its growth in so dramatic a fashion to such 
direct and apparently simple stimuli? The plea, therefore, was and is again 
made that plant physiologists should exploit, in the modern day with its 
unparalleled tools and techniques, the distinctive and challenging features 
of their subject and of its experimental material. In so doing, the interpre- 
tation of cellular organization, of growth, development, of differentiation, 
and of morphogenesis will inevitably loom large, and in pursuing this task 
through the study of higher plants the subject will have distinctive contri- 
butions to make. 

While it seemed fitting in a program designed to honour Professor G. H. 
Duff to stress these points, much of the evidence which clothes the argument 
with factual support has already been published in one or other of several 
recent comprehensive accounts of work done in the areas of research from 
which these thoughts derived (cf. Steward and Mohan Ram (1961) on Deter- 
mining Factors in Cell Growth: Some Implications for Morphogenesis in 
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Plants; Steward et al. (1961) on Growth Induction in Explanted Cells and 
Tissues: Metabolic and Morphogenetic Manifestations; Steward (1961) 
Organization and Integration; Steward and Sutcliffe (1959) on Plants in 
Relation to Inorganic Salts; Steward et al. (1959) on Nutritional and Environ- 
mental Effects on the Nitrogen Metabolism in Plants). Therefore, much of 
the detail may be omitted here, thus permitting one to survey the salient 
trends which lead to currently challenging tasks of plant cell and develop- 
mental physiology. 

A major task for the modern plant physiologist is to interpret the role of 
organization: organization in cells, because all of the cell physiological func- 
tions proceed concomitantly and in phase however, we may choose to sub- 
divide and segregate them for purposes of investigation: organization in 
growing regions, as, for example, of shoot and root, because they owe their 
properties not only to the attributes of their constituent cells but also to 
their place in the organization (strikingly different as this is in shoot and 
root and in vegetative and floral apices), and, last but not least, organization 
in the fertilized egg or zygote itself, for this contains all the information to 
produce the entire organism. Here one may now recognize that the behavior 
of the zygote and even such preceding events as meiosis may not in fact be 
as uniquely associated with reproductive centers and processes as may have 
been supposed, for they are beginning to be recapitulated in freed cells stimu- 
lated to grow by coconut milk. In short, the extent to which the early events 
of embryogeny may be subtly determined by the specialized nutrition sup- 
plied in the embryo sac and ovule may have been underestimated: not only 
‘nature’ but ‘“‘nurture’’ are here involved. Thereafter, factors in the environ- 
ment and throughout development make their impact upon the growing 
organism, and the interpretation of these morphogenetic events becomes a 
distinctive and challenging task for the experimental botanist and plant 
physiologist. 

Increasingly, therefore, one sees that the characteristics which may be initi- 
ally predetermined by the ‘‘blueprint’’ implanted in the DNA of the chromo- 
somes may be modulated or controlled by factors which operate during 
development. And many of these regulatory effects must have a chemical 
basis. As plant physiologists exploit these distinctive features of their material 
they keep their science alive, responsive to modern trends, but also as a dis- 
tinctive branch of biology. It is both fitting and opportune, therefore, to 
express these views upon developmental plant physiology dedicated to one 
who was especially interested in this field. And it is particularly fitting to do 
this at a time when there is an increasing preoccupation with the purely 
chemical and molecular basis of biology. The so-called science of ‘‘molecular 
biology”’ has markedly advanced our knowledge of metabolism; as yet it has 
taught us virtually nothing about the problems of organization. Such prob- 
lems begin where ‘‘molecular biology”’ ends. Indeed, if the sole preoccupation 
of the plant physiologist were to be with molecules, then the subject should 
properly be a branch of chemistry. But many major problems of biology— 
problems of growth and development, of differentiation and morphogenesis 
—are concerned with systems which operate at levels of organization far 
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greater than the molecular, even though their regulatory control may be 
mediated by comparatively simple chemical compounds. Such problems of 
organization now arise in almost every modern phase of plant physiology 
and some salient examples are cited below. 


Trends in Nutrition in Relation to Growth 


The first impact of chemical knowledge upon plant physiology came through 
the need to understand nutrition—inorganic plant nutrition—as the basis of 
agricultural science. The essential landmarks are well known. From Aristotle 
to Van Helmont, the relative roles of earth, air, and water in the forming of 
plant substance were first accepted, then disputed. These great questions 
were to be resolved successively in 1699, by Woodward, who stressed the role 
of dissolved substances in what were essentially the first water culture experi- 
ments on growth; by the discovery of photosynthesis and the fixation of 
carbon in the late 18th century and the recognition by de Saussure at the 
outset of the 19th century that water also enters as a reactant into the pro- 
cesses of organic nutrition through photosynthesis. 

The recognition of essential inorganic nutrients of plants emerged as the 
distinctive contribution of the 19th century with the stress on what later 
came to be recognized as the major nutrient elements in the list of 10, widely 
accepted at the turn of the 20th century. This list of 10 elements were to 
become the basis of the familiar three salt culture solutions (with Fe added) 
and of the device, now seen to be ingenuous, of defining the best nutrient 
solution for growth in the respective concentrations of three main nutrient 
saits. Despite prior indications that other elements might be needed for fuller 
and more complete plant nutrition, the present knowledge of trace elements 
in plant nutrition is an outstanding contribution mainly of the second quarter 
of the 20th century, and this culminates in the enzymological approach, 
which has permitted the role of some of the elements to be explained in these 
ways. 

But the history of plant nutrition well illustrates the main thesis of this 
discussion. Dramatic as are the events referred to above, the trend is again 
essentially descriptive, in chemical terms, of the essential requirements for 
the growth of plants, and so long as the description necessarily concentrated 
on the recognition of these requirements, one by one, the science of plant 
nutrition lacked its essentially modern challenge. A true philosophy of plant 
nutrition emerges not only from an understanding of what each element may 
uniquely and separately do (and knowledge does not permit even the require- 
ment for potassium to be rigidly explained in this way!) but also how they 
collectively function, not in isolated reaction systems, but in the growing cells 
and meristems of plants. Here interactions between elements are as important 
as their single effects, as, for example, between K, N, and P; Fe and Mn; 
Ca and B; Cu and Mo; but even this is not all. 

Strangely the history of plant nutrition was slow to recognize that nutrition 
was not a rigid requirement but is itself a function of environment. Inter- 
actions of light and potassium and nitrogen in nutrition, between zinc and 
insolation, boron and length of day, foretold the shape of things to come. 
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Mint (that recently neglected but yet classical plant of plant physiology) has 
yielded one of the first documented cases which show that the inorganic 
requirements for “‘best’’ growth vary drastically according as the growth is 
that of a long-day or a short-day plant (Crane, cited from Steward et al. 1959). 
Mentha piperita behaves as a calciole species under long days, requiring a 
high ratio of Ca to K to use to the full its nitrate supply; but under short 
days it is a calcifuge species, requiring a higher ratio of K to Ca (work of 
Crane as summarized by Steward et al. 1959). And now, as also may be seen 
from the study of mint, such variables as photoperiodism and thermal period- 
ism carry their effects beyond the gross morphology of the plants in question 
(see Fig. 1) to many phases of their intimate metabolism (Steward et al. 
1959). In particular, the metabolism affected is that of the keto and amino 
acids. 

All this clearly means that the future study of plant nutrition must go 
far beyond the separate investigation of individual nutrient effects. The 
function of nutrients, which is to nourish the growing organism and provide 
for the needs of the centers of growth (i.e. primarily the apices of shoots, 
vegetative and floral, and roots) must vary vastly in accordance with the 
environmental effects that determine how they grow. The concept of a ‘‘best 
solution”’ for this or that plant is thus outmoded, for increasingly it is necessary 
to recognize that any, or all, of the nutrient requirements may be graduated 
in accordance with fluctuations in other variables. This obviously poses great 
questions in the design of experiments. Even though modern engineering 
may control the environmental variables which affect growth, how can one 
obtain all the relevant data (nutritional and metabolic) on all the necessary 
parameters in a given case, and, having done so, how can these complex 
interacting effects be sorted out? Looking ahead, it seems more important, 
in this area of the physiology of growth and nutrition, to work out methods 
for the proper conduct of this kind of investigation and to estimate the ancil- 
lary resources needed, than to assume that the problem is solely one of con- 
trolling the external environment of plants. Unless this is done, resources 
may well be as wastefully and as unprofitably used at the present as they 
were earlier, when it was thought enough to determine the composition of a 
“best’’ nutrient solution for the growth of a specific plant in a medium whose 
osmotic pressure was established at a predetermined level, largely at the 
caprice of the investigator! 

In short, in the science of plant nutrition one should now recognize that 
nutrients nourish the plant which grows, and, as the facts of morphogensis 
show, the superimposed effects of environment create a different kind of 
plant as they interact with the organized growing centers. No longer should 
we assume that the same fixed nutrients, in the same proportions, are needed 
for all the different tissues and organs of the plant body, for the need for 
nutrients may also vary with the way the cells or the organs grow. (For 
example, phloem tissue explants from the storage root of the carrot will 
grow apace in a solution so free of calcium that the organized root tip could 
not flourish, i.e. a basal medium made calcium-free with the addition of cal- 
cium-free coconut milk, i.e. oxalated coconut milk with excess of oxalate ions 
present.) Therefore, we should no longer assume that the requirements for 
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the individual nutrient elements is a basic and overriding need of a species 
or a variety, for this is now appearing to be also a genetic characteristic. In 
the work of Munger (Pope and Munger 1953 a and b) two examples are now 
known in which single genes determine the level of requirement for specific 
nutrient elements (Mg in one case; B in the other). In fact, this speaker has 
always thought that it is not accidental that new examples of trace element 
nutrient abnormalities in the field are apt to occur where there is the use of 
highly selected genetic sirains of cultivated plants grown in habitats and under 
environmental conditions which were not those used during their initial selection. 
So often it is the introduced cultivated plant which proves to be subject to 
nutritional imbalance which the climax natural vegetation in the same 
environment withstands. 

Thus the future of nutritional plant physiology does not lie alone with 
the biochemical and descriptive approach, valuable as that is, for a compre- 
hensive philosophy of plant nutrition can only emerge as one attempts to 
see how the whole complex machinery of the plant body and its organization 
is nourished in a fluctuating environment that modifies both its growth and 
its requirements. 


Trends in Cell Physiology 


The foundations of plant physiology as a separate discipline were largely 
laid in what may now be recognized as the beginnings of cell physiology. 
The enunciation of the cell doctrine (by Schleiden and Schwann 1838-39), 
the recognition of protoplasm (Von Mohl 1846), the discovery of plasmolysis 
leading to its recognition as a special case of osmosis (Naegeli 1855; Hof- 
meister 1867; de Vries 1877), the investigation of membrane phenomena 
with both artificial and natural membranes (Traube 1867; Overton 1890) 
helped to lay the foundations of plant cell physiology, contributed to the 
physicochemical theory of solution, and also led to the now vast literature 
on osmotic relations of cells and upon cellular permeability. 

In retrospect, one may recognize that plant physiologists were first, and of 
necessity, preoccupied with the attempt to interpret cells as they are—rather 
than the processes by which they grew and came to be—thus the classical 
equilibrium theories of osmotic regulation and passive permeability emerged. 
Although this trend had enriched plant physiology and provided a nucleus 
around which so much of plant physiology as a distinct discipline came to 
be built, one can now see its essential short-coming, for too often cells came 
to be regarded as passive systems, responding in a simple way to the dictates 
of true equilibrium. Especially should growing cells be seen as systems which 
are not in true equilibrium with their environment but in an intensely dynamic 
manner, and through the creation and maintenance of their own morphology, 
they use processes of metabolism and nutrition to increase free energy and to 
maintain relations with the environment which could not obtain at equilibrium 
alone. It has been said that organisms “feed on negative entropy’’. Thus the 
understanding of what they do becomes a problem of their organization and 
not only of selected processes considered in isolation. 

This was appreciated for the problem of salt accumulation with which the 
present speaker, along with many others, was first concerned. The detail, 
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PLATE I 






iFic. 1 (above). (A) Mint plant (Mentha piperita L.) grown on short days (8 hours) 
for 43 days. (B) Plant grown on long days (18 hours) for 24 days in full nutrient solution 
in'the greenhouse. 

Fic. 2. Electron photomicrograph of cellulose in the wall of Valonia (from Steward 
arid Miihlethaler 1953). (A) Randomly oriented fibrils in the newly formed cellulose at 
a ‘naked surface of an aplanospore. (B) Cellulose in the later formed wall of a mature 
vesicle, showing fibrils in parallel arrangement in each of three lamellae: each successive 
lamella is laid down in a different direction. 


Steward—Can. J. Botany 
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recently summarized (Steward and Sutcliffe 1959) need not be recapitulated 
here. Suffice it to say that, today, hardiy anyone would seriously attempt to 
explain the remarkable facts of dynamic secretion or active and selective 
accumulation of ions in cells wholly apart from the intervention of the pro- 
cesses of growth and metabolism which furnish the necessary energetics. 
Opinions may, and do, differ on how the biological machinery works, on just 
how it utilizes its resources of chemistry and metabolism to bring about the 
events which do occur, but few would claim that all this can be determined 
solely by the fixed and passive properties of membranes. The de novo accumu- 
lation of ions in the aqueous phases of cells still seems to be essentially a 
function of the development of the cell, an essential characteristic of it at a 
period of its own growth and development and, in that sense, de Vries’ idea 
of the tonoplast as an organ of internal secretion is not inapplicable. However, 
the metabolic property which best indicates the ability of the cell to accumu- 
late ions de novo is not alone its ability to maintain a high rate of aerobic 
respiration, as shown by carbon dioxide output, but its protein synthesis as 
the evidence that the energy so liberated may be canalized to the useful and 
constructive processes of growth. The evidence behind these broad conclusions 
has been summarized and reviewed (Steward and Sutcliffe 1959). 

However, the ultimate question is still as obscure as ever. Since the early 
speculations upon the cell as a metabolic machine that directs the energy 
of metabolism and respiration into salt accumulation, as but one of the many 
processes in growing cells which use and require energy, much has been learned 
about how cells negotiate such energy transfers. Phosphate bond energy is 
now universally recognized as the main currency through which such trans- 
actions are negotiated, but one still needs to know precisely the way in which 
energy released from respiration and locked up in these compounds is donated 
at sites where the activated movements that result in salt accumulation 
occur. Although the case for activated water movements in plants may not 
be so generally accepted, it seems nevertheless true that the de novo uptake 
of water is so intimately a part of the pattern of cell growth and development 
that one could hardly explain the one without the other. In fact, water up- 
take, ion accumulation, protein synthesis, and high rates of aerobic respiration 
so frequently vary pari passu and so frequently respond similarly to external 
variables that they all seem to be interconnected at some focal point in the 
cell. The place where this occurs seems to be the point where the energy of 
metabolism is linked or canalized to the processes of growth (of which protein 
synthesis, water intake, ion accumulation, etc. are separate manifestations), 
and it is of particular interest, as shown below, that chemical growth factors, 
which make an impact upon the cells’ ability to grow in a given nutritional 
environment, commonly affect all these physiological processes concomitantly. 

However, the point which is relevant to this discussion is as follows. Knowl- 
edge in this area is limited by, and future progress requires, an understanding 
of the cell as a working machine, and this can only emerge from a more inti- 
mate knowledge of its complex organization. One might as well try to under- 
stand .the workings of the internal combustion engine by letting a car roll 
downhill with the brake off as to understand the active processes of water 
and salt intake without recourse to how cells grow and metabolize! But all 





448 CANADIAN JOURNAL OF BOTANY. VOL. 39, 1961 


too often our ideas of physiology and metabolism have been drawn from 
such cellular systems which either could not, or would not, grow under the 
conditions in which they were studied. 

Dramatic developments may, however, be at hand in the advances now 
being made in the field of submicroscopic morphology. Electron microscopic 
studies of cells (the subject of another paper in the symposium) now being car- 
ried out by such workers as Porter, Whalley, Miihlethaler, Manton, Setter- 
field, and others, using methods that permit a study of the cytoplasm, now 
revolutionize our ideas of the cytoplasm of cells. At the microscopical level it 
is easy to be impressed with the evidence of organization in cells which is to 
be seen in the bright field and phase microscope, with the evident signs of 
intense dynamic activity, shown by Brownian movement and obvious stream- 
ing of granules along cytoplasmic strands, which occurs in cells while they 
accumulate ions. This is evidence enough of their ability to turn metabolic 
energy into useful mechanical work and is therefore indicative that they may 
also direct it into osmotic work. But new vistas now appear in the submicro- 
scopic structure of the cytoplasm, and they affect the basis of our concepts 
of cellular membranes and cellular inclusions. The presence of a distinct 
endoplasmotic reticulum, densely concentrated at some surfaces and rami- 
fying throughout the cytoplasm, may provide a channel of transport to and 
fro in the cytoplasm; the possibility of localized and discrete pores in mem- 
branes such as the nuclear membrane; the obvious need to understand the 
role of such diverse, vesicular organelles as the Golgi apparatus, now demon- 
strable in plants, vacuoles, and plastids; all this endows the work on submicro- 
scopic morphology of the cytoplasm with the greatest interest. It seems that, 
through a better understanding of the cell’s organization and through the 
harnessing of the descriptive techniques of the electron microscope to experi- 
mental investigations, the present stalemate in the interpretation of active 
transfer phenomena may well be broken. 

Again, however, the future of plant cell physiology as a distinctive discipline 
seems to lie with the closer understanding of cellular organization, and with 
the attempt to say how, as cells grow and develop, our knowledge of the cell’s 
organization may be linked to modern knowledge of its biochemistry and 
metabolism. 


Trends in Synthesis and Metabolism 


There are many examples in which the course of metabolism is not immedi- 
ately predictable from the enzymes and substrates present in cells. In some 
cases, €.g. urease, an active enzyme is present even though its role seems not 
to be involved in the plant or organ in question (cotyledons of Jackbean), 
for this protein is present as a storage protein in the mature cotyledons, but 
there is no evidence that they normally metabolize urea. The old idea of 
protoplasmic control of enzyme action may be illustrated in cherry laurel 
(Prunus laurocerassus) leaves, which contain both amygdalin and emulsin. 
However, the hydrolytic products (HCN, CsH;.CHO, and sugar) only arise 
when by killing, without heat, or rendering the membranes permeable, the 
substrate and enzyme, which are separated in the normal cell, are allowed to 
mingle. In another example y-aminobutyric acid occurs in carrot tissue, 
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especially the actively growing tissue. It is natural to assume that it could 
arise from glutamic acid and especially so because the glutamic acid decar- 
boxylase' occurs and the equilibrium favors decarboxylation. However, when 
labeled substrates (C'-glutamine or C'-y-aminobutyric acid) are furnished 
to carrot cells, it becomes very clear that the tissue converts y-aminobutyric 
acid to glutamine and thence to protein, and C-glutamine passes to y- 
aminobutyric acid virtually not at all (Steward, Bidwell, and Yemm 1958). 
Therefore, a knowledge of enzymology without knowledge of the way enzymes 
operate, or not, within the cellular organization can be most misleading. 

A problem that clearly involves the role of the organized cell is the synthesis 
of cellulése and its organization to form a wall. Chemically, cellulose as 1,4- 
B-glucopyranose chains is well known, and its essentially crystalline structure 
and crystal lattice have long been known. But the formation of the first 
formed wall as a weft of tangled cellulose fibrils arranged without order, as 
at the naked surface of a Valonia aplanospore, which is followed by a more 
orderly and lamellated arrangement of cellulose in distinct layers, in which 
the directions of the fibrils shift in successive layers so that they cross at well 
defined angles (see Fig. 2 from Steward and Muhlethaler 1953, and references 
there cited), presents a still further problem. It is one thing to explain enzy- 
matically how the individual 1,4-8-glucopyranose units are linked by chemical 
bonds, it is quite another to explain how the protoplasm produces the orderly 
arrangements of fibrils which constitute a wall. Interestingly enough, fluctua- 
tions in: the external environmental conditions during growth determine, as 
in the cotton hair, the structure of the wall (Anderson and Kerr 1958; cf. 
account of this work in Roelefsen 1959). 

The above example (cellulose synthesis and wall formation) is a familiar 
case of “asymmetric synthesis’, i.e. the characteristic property by which 
living things make use of only a few of the statistically possible structures in 
the compounds which they make and, faced with alternatives, usually utilize 
only oue. This results in the familiar, but nonetheless remarkable, array of 
compounds whose physiological role depends not only on their chemical 
properties, as represented by their functional groups, but by their ‘‘molecular 
architecture’ or how they are arranged in space; in short, by the “morphology” 
of these molecules. This principle operates all the way from compounds 
which have two enantimorphs, such as alanine, to the sugars and polysac- 
charides in which synthesis is directed toward a few highly specific structures, 
out of many, because they are compatible with the role of these substances 
in cells and organisms. 

It is customary to recognize that all such biosyntheses take place in an 
already asymmetrical protoplasmic environment, for the very enzymatic 
catalysts which bring these syntheses about are highly asymmetric protein 
molecuies. Nevertheless, this is a feature of the organization of cells and 
organisins which determines what they can, or can not, do. When pushed to 
finality, the argument requires that at the origin of life a given self-reproducing 
molecule possessed the property of ‘‘right-handedness”’ or “‘left-handedness”, 
and so all subsequent developments must conform to the trend so started by 
a first set of fortuitous choices. Whether this was, or was not, one can still 
recognize in the present array of asymmetric biosyntheses the interplay 
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between chemical possibilities on the one hand and some feature of the organi- 
zation within which the synthesis occurs on the other. 

While modern knowledge of photosynthesis has gone very far indeed to 
explain the path of carbon en route to sugar, it still does not enable one to 
draw a blueprint of the factory that will make p-glucose or cane sugar! At 
some point along the line one has still to usurp for this, some feature which 
is still an essential attribute of a cell and its organization—even if this is 
“only” (!) an enzyme. And how much more is this true of protein synthesis? 

Plant physiologists and biochemists may indeed take pride in the extent 
to which such physiological functions as photosynthesis and respiration can 
now be broken down into their individual reactions. Nevertheless, it is also 
true that we know but little about the way physiological functions interact 
and how such diverse processes as photosynthesis, respiration, protein syn- 
thesis and breakdown, ion intake, water absorption, utilization of the several 
inorganic elements, etc., etc. take place harmoniously and in balance in 
different parts of the same cell’s internal geography. To gain the first necessary 
chemical knowledge of metabolism each process or reaction may first be 
considered in isolation, but to understand what actually happens in cells 
we must know, not only how the unit operations work, but how they con- 
tribute to the design and smooth operation of the entire metabolic factory. 

These objectives cannot be achieved without knowledge of the cell as an 
organized system, albeit also as a system which grows. One has only to look 
at modern electron microscope pictures of plastids and mitochondria (Sager 
1958) and of the erstwhile optically transparent cytoplasm (Whalley et al. 
1959, 1960) to see how great these possibilities and problems are. But also at 
the level of the individual metabolites it is now apparent that the same sub- 
stance may be doing very different things in different phases of the same cell 
(cf. Steward, Bidwell, and Yemm on respiration and nitrogen metabolism 
in carrot cells, 1956), and adequate kinetic methods need to be perfected to 
reveal these complications and to follow individual metabolites along these 
different pathways in different inclusions and phases of the cell. 


Trends in the Physiology of Cell Growth and Cell Division 


The present is one of great interest in the investigation of the underlying 
causes of cell growth and cell division. 

Again the pace of understanding and research started slowly and seems, 
in retrospect, to have been at times unaccountably slow. After the enunciation 
of the cell doctrines and while the foundations of cell physiology were being 
laid, a descriptive period of cellular cytology and morphology ensued, a 
period which, incidentally, brought forth such great aphorisms as ‘‘proto- 
plasm, the physical basis of life’; the nucleus as the ‘“‘physical basis of here- 
dity’’, and the realized importance of “‘self-duplication” in such phrases as 
“‘omnis cellule e cellula” and ‘‘omnis nucleus e nucleo.’’ While the foundations 
of modern cytology and genetics were thus being laid in the 19th century, 
one can also see, in retrospect, the beginnings of what was to become the 
modern approach to the basic causes of, and the regulatory control of, cell 
growth and cell division as it is now being exploited in higher plants. 

With Darwin (1880) studying tropisms, using the coleoptile of Phalaris, the 
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later hormone concept may be held to have been born, and Darwin also may 
be held to have ushered in the great wave of activity concerned with what are 
now known as auxins. This trend reached a landmark with the discovery in 
1934-35 of indoleacetic acid, an achievement which resulted from the pioneer 
works of Went, Thimann, and Kogl. Perhaps, thereafter, progress became 
unduly tied to ideas which were linearly descended from the discovery of 
indoleacetic acid, and it was not until some 20 years later (with the discovery 
of the nitrile of IAA, by Jones et al. (1952), with the first chromatographic 
recognition of other auxines by Bennet-Clark (1953) and later by Luckwill 
(1959), Nitsch (1955), and others, and with the renewed interest aroused by 
the gibberellins, discovered years before in Japan, as described historically 
by Stowe and Yamaki (1957)) that ideas upon the non-nutrient, catalytic 
agents that regulate the growth of plant cells became more flexible. 

Meanwhile the agents and catalytic machinery which primarily induce, or 
regulate, growth by cell division were strangely slow to appear. As may be 
seen in Gautheret’s major work on plant tissue culture (1959), Haberlandt 
foresaw as early as 1902 the use of cell and tissue culture techniques, and he 
worked and speculated on the cell division stimulating substances, or hor- 
mones (Haberlandt 1921) which were to become even more credible at a 
much later date. Despite the advances made by such pioneers as Robbins, 
White, and Gautheret, who exploited the newly inaugurated aseptic tissue 
culture procedure, using explanted organs (roots) or tissue explants, real 
progress toward the specific agents that induce cell division had to wait until 
many problems of nutrients and vitamins had been solved. But now one can 
see the gains to come from a full understanding of the chemical machinery 
which either suppresses, or unleashes, the innate ability of cells to grow. 

In our work in this field all the advances that have been made through 
work on tissue cultures were first motivated by the desire to have a suitable 
system with which to study the salient problems of cell physiology mentioned 
above. This system needed to be composed of uniform cells, be readily avail- 
able in its quiescent state, and capable of being used alternatively in a condi- 
tion of non-growing, resting metabolism and, at will, in a state of rapid growth 
by cell division. It was the hope that, in this way, one could understand the 
distinctive differences between cells that can grow and those in which the 
metabolism runs to waste, and also to understand more about the means by 
which the growing cell is able to link its metabolism to such energy-requiring 
events as protein synthesis and the active processes of water and salt intake. 
It was in this context, recognizing the role of the organized growing cell, 
that work on the aseptic culture of carrot tissue stimulated to grow by cell 
division came about and the reversible stimulus to control such growth, 
through the use of coconut milk in the medium, was found. 

From such work (and that of other laboratories) one can now formulate 
the following general ideas. Although, as a whole, green plants are fully 
autotrophic organisms, this may not be true of the individual cells, or organs. 
Even the embryo of angiosperms, formed in the special environment of the 
embryo sac, and the ovule is subject in its first and critically formative period 
to a highly specialized form of nutrition, elaborated by the parent sporophyte, 
and while it is subject to this heterotrophic nutrition it passes through an 
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intensive period of development. The environment of the egg is the embryo 
sac, and the latter grows at the expense of the nucellus but, in angiosperms, 
the stimulus to grow which is conveyed to the often triploid fusion nucleus 
from which endosperm forms, even outstrips that conveyed to the zygote 
itself. By the growth of endosperm (in its free-nuclear liquid or cellular form) 
there is laid down, in advance of requirement, a potent nutrient source for 
the developing embryo. One now sees that this nutrient source not only con- 
tains the special organic nutrients which the embryo receives but, early in 
its development, the powerful, non-nutrient stimuli which maintain active 
cell division. (For summary of this and the following material, see Steward 
and Shantz 1959; and Steward and Mohan Ram 1961.) 

The significance of much of the use of such fluids as coconut milk (the 
liquid endosperm of the coconut) and the fluid from the vesicular embryo 
sac of the immature horse chestnut fruit or extracts of corn (Zea) in the milk 
stage to induce cell division is that all of these sources normally nourish 
immature embryos. The dramatic result is that these fluids or extracts can 
intervene in the metabolism of otherwise resting, non-growing cells and 
induce them to grow rapidly again. It is, as it were, as if a metabolic clutch 
has again put the engine of growth in gear! But not all resting cells respond 
to coconut milk alone, some require a synergistic combination of coconut milk 
and one of a now large number of known synthetic growth regulators, of 
which 2,4-D was the first known example. 

Therefore, over and above known nutrients and vitamins, the capacity of 
cells to respond by growth may be limited by access ‘to exogenous stimuli. 
These stimuli to cell division reside peculiarly in endosperms of immature 
fruits and seeds, and they in turn work in conjunction with synergists, which 
accentuate their effect, and antagonists which suppress it. Examples of all 
these effects, with citations to the relevant literature, can be found in the 
following papers (Steward: and Shantz 1959; Steward and Mohan Ram 
1961). 

The differences between resting, quiescent cells and their actively growing 
counterparts should now be noted. This is conveniently shown by the contrast 
between the cells of carrot, potato, and banana fruit as they occur in the 
storage organ in which they are formed and as they can now be grown as free 
cells in a liquid medium (Steward, Mapes, and Smith 1958). Even the most 
casual study of Fig. 3 stresses that these are organizationally very different 
cells. However, when seen in life, the comparative absence of motion in the 
storage cell and the intense Brownian movement and protoplasmic streaming 
of the cultured cells emphasizes the contrasts between the two systems. Too 
much of current plant physiology relates to the cells in the former state (with 
the metabolic fires banked down and the engines of growth out of gear) and 
too little relates to cells in the latter state with the organization working at 
its optimum, making maximum demands for nutrients on the environment 
and directing the metabolic machinery in the direction of growth. What one 
now needs to know is how all the processes of metabolism and how all the 
separate physiological functions combine in this complex morphological 
system to produce the harmonious working of the whole. 

It is for these reasons.that plant physiologists should pay increasing atten- 
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PLATE II 


Fic. 3. Contrasts between quiescent cells and their active counterparts growing free. 

(A) Resting cell of the secondary phloem of carrot root, showing carotene in chromato- 
phores. 

(B) rete cell of potato tuber showing abundant starch grains. 

(C) Resting cells of banana fruit pulp showing abundant starch grains. 

(D) cf. A; free cell of carrot, grown in liquid medium containing coconut milk (10%). 

(E) cf. B; free cells of potato tuber, having grown in liquid medium containing coconut 
milk (109%) + 2,4-D (2,4-dichlorophenoxyacetic acid) at 6 p.p.m. 

(F) cf. C: free cells of vei fruit activated to grow by coconut milk and napthalene 
acetic acid. 
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Fic. 4. Chromosomes of Haplopappus gracilis. 

(A) Chromosomes in metaphase in root-tip cell (2n = 4). Similar figures are of usual 
occurrence in cultured cells. 

(B) High degree of polyploidy in cultured cell. 

(C) Haploidy in cultured cell. 

(D) Somatic pairing in cultured cell. 

(E) Pseudochiasma in a cultured cell. 

(F) Chromosome breaks in cultured cell. C, D, and F: grown in a basal medium supple- 
mented with coconut milk and casein hydrolyzate. B and E: same as above plus NAA. 
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tion to the problems of cellular organization, for even in a single cell the same 
metabolite may perform quite distinct metabolic functions. In fact, a recent 
analysis of protein metabolism and respiration in the cells of growing carrot 
cultures only became intelligible as one recognized that anabolic and kata- 
bolic metabolism occurred side by side and that the coconut milk stimulus 
to cell division operated in two ways. First, the coconut milk accentuated 
over-all protein synthesis and, second, it accentuated the rate of turnover 
and the consequent usage of the breakdown products as carbon substrates 
in respiration (Steward, Bidwell, and Yemm 1956). Thus the effect of these 
stimuli to growth and cell division will need to be precisely located and de- 
scribed with respect to the organization of the cell in which they intervene. 

But the investigation of the chemical induction of cell growth and cell 
division has, in this laboratory, recently taken another dramatic turn. An 
ultimate goal has long been the culture of single, or free, cells of higher plants. 
As early as 1902, Haberlandt saw the possibilities for the interpretation of 
differentiation and development if this could be achieved (cf. the account 
of this work in Gautheret, 1959). A fortunate item of technique yielded a 
purely mechanical means by which carrot cells could be obtained freely sus- 
pended in the liquid medium which contained cultures growing under the 
stimulus of coconut milk. This device initiated investigation to show how 
the free cells grow and to demonstrate their morphogenetic potentialities. 

The first result was that the isolated, freely suspended cells grow and attain 
a multicellular, colonial, condition by means that would never be suspected 
from their behavior in the higher plant body or in a preformed tissue mass. 
These unusual modes of cell multiplication, which include budding, formation 
of filaments which grow terminally, internal segmentation of multinucleate 
giant cells as well as equational division of more of less isodiametric cells, 
have all been described. What makes one cell adopt one of these means 
whereas others from the same source and in the same suspension behave 
differently is not known. The following point is, however, relevant to the 
present discussion. 

When freed from the tissue in which it is formed initially, when prompted 
to grow in isolation from its neighbors, a phloem parenchyma cell of the 
carrot root displays an unexpected range of growth forms (Steward et al. 
1958). It is as though the presence of the cells in the organized tissue mass 
restrains their growth and behavior, for what they then do is largely a function 
of the tissue as a whole. However, when they are free, the same cells respond 
in a far wider range of independent ways and produce the observed range of 
growth forms and cellular behavior. Thus, what a given free cell does is a 
function of its innate capacity for growth, which may be either unleashed 
or limited by the environment, presumably by chemical means. 

But a later development has also been described. So long as cells proliferate 
around a small preformed piece of carrot tissue, they rarely, if ever, differ- 
entiate, however large the tissue mass grows. (The very rare formation of 
roots in this way is invariably due to an initial in the original explant.) But 
when cell, colonies grow from free cells they may promptly and spontaneously 
organize, first to form normal roots. Once a cell colony produces a root apex, 
the continued growth of the organized tip suppresses the random proliferation 
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of the cell culture, and it will continue unabated so long as the liquid cultures 
are rotated around a horizontal shaft. However, if the organizing cell colonies 
are transferred to a stationary, semisolid, medium so that the roots can be 
geotrophically stimulated to grow down and the cultures may be exposed to 
air, then a shoot apex may organize at the opposite end of the axis to the 
new-formed root tip. Thus from free carrot cells, differentiated as phloem 
parenchyma, a plantlet forms. Interestingly enough, these early-formed plant- 
lets arise from cell masses that show a strong resemblance to the first stages 
of embryonic development, and when shoot tip and root tip are recognizable, 
they so strongly resemble young embryos as to baffle belief that they had not 
indeed grown in embryo sac and ovule from a fertilized egg (Steward, Mapes, 
and Mears 1958). In other words, the environmental and culture conditions 
and the chemical stimulus furnished by the coconut milk medium have un- 
leashed the totipotency which resided throughout, although previously 
suppressed, in the carrot storage parenchyma and in the cells of the explanted 
and cultured tissue (Steward, 1958). 

Two things are impressive about the conditions which release that evident 
totipotency. First the cells were obtained free—free from the controls and 
restraints of the plant body and the tissue or organ in which they had formed; 
secondly, the cells were induced to grow and divide by the aid of the nutritive 
fluids which normally nourish young embryos. 

These conditions combine to superimpose upon the behavior of the mature 
carrot cells a type of growth and behavior which is strongly reminiscent of 
development from a fertilized egg. In fact, in this context, one now sees the 
fertilized egg as a diploid cell which can divide, in a liquid medium which 
permits it to divide and in a free space in which it has relatively unrestricted 
room to divide! Thereafter, however, the derivative cells soon become subject 
to controls which enter in by virtue of their position in the growing organism. 
Thus the cellular organization is here seen to be, to an astonishing extent, 
totipotent, for the freely dividing cells function like zygotes and, on the 
contrary, what makes the zygote do what it does is not only its special ‘‘na- 
ture’ or organization but its interaction with a characteristic ‘“‘nurture”’ 
and environment. 

This interplay of the cellular organization with the factors that control 
cell division and development is again one of the outstanding problems of 
plant physiology which is now being opened to experimental attack and to 
interpretation in terms of chemical stimuli. 

A further development concerns the behavior of the cell nucleus during 
tissue and free-cell culture as investigated on carrot cultures (Mitra, Mapes, 
and Steward 1960) and later on cell cultures of Haplopappus gracilis (Nitra 
and Steward, 1961). Haplopappus is a plant with only four (” = 2) chromo- 
somes in two pairs of morphologically distinct chromosomes. The following 
facts are now known. Carrot cells which grow around a performed tissue 
explant tend to retain their normal and stable nuclear condition (2m = 18). 
When carrot cells grow free, however, many variations occur. Multinucleate 
cells occur with high degrees of polyploidy. But, it is even more suggestive 
that somatic reduction also occurs and haploid nuclei are seen. Breakage and 
recombination of chromosomes, very reminiscent of the effects of radiation, 
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occur in response to the growth stimulus of the coconut milk medium. Again, 
in Haplopappus somatic pairing may be followed by clear evidence of chiasma 
formation at disjunction, with a strong indication that somatic crossing over 
may occur (see Fig. 4). Only in carrot cells has the complete cycle from carrot 
plant, to tissue culture, to free cells, to reorganized plantlet, to storage organ, 
and to flower been retraversed; and when this is done the reorganized plants 
have again all been diploids with 18 chromosomes (Mitra, Mapes, and 
Steward 1960). 

Nevertheless, a new vista now opens for cell physiological study, for one 
sees that reduction division and meiosis, and the nuclear events usually 
associated with reproductive sites and centers as not unique to these situa- 
tions for, when cells escape from the limitations of their normal tissue environ- 
ment, these nuclear events may be induced by chemical means. Perhaps the 
coconut milk is not merely a cell division stimulant, but it may also function 
as a mutagen. The implications, therefore, for the understanding of develop- 
ment and the contrasted roles of the cellular organization, its nature and 
nurture, and for the translation into the behavior of somatic cells of some of 
the classical observations of cytology and genetics, which have been more 
familiar in relation to sex cells, are very great indeed. The implications for 
the study of development and morphogenesis are also obvious. 

Again the gains are being, and will be, made by combining the experimental 
techniques of physiology and biochemistry with an appreciation of, and 
respect for, the organization of the cells and organism upon which they act. 


Trends in Growth, Development, and Morphogenesis 


Causal, or physiological, plant anatomy and experimental morphology 
have come to their present prominence in comparatively modern times, but 
while the foundations of plant physiology were being somewhat belatedly 
made (often awaiting needed developments in physics and chemistry) the 
great edifice of classical, embryological, morphological, and anatomical 
knowledge about plants was reared. Unsatisfied with the purely descriptive 
approach of morphologists, which too often was preoccupied with phyllogeny 
and evolution to the exclusion of developmental considerations, and pre- 
occupied with their own experimental and biochemical tasks, physiologists 
drifted too far from morphology. This trend is now being, and should be, 
reversed as physiologists and morphologists meet in the stimulating field of 
experimental morphology. 

It would take too long to trace the interpretation of growing points in the 
work of Sachs, of Hannstein, and later of Schuepp, and even in the more 
recent works of Foster, Clowes, and others. The relevant point, however, is 
simply and easily made. From their earliest inception in the zygote, the 
growing regions of shoot and root, by virtue more of their organization than 
of the inherent properties of their individual cells, grow in a highly controlled 
way to produce the great range of form and function which the organs of the 
plant body present. Yet, basically, all this wealth of morphogenetic develop- 
ment has to be built up as cells divide, grow, and differentiate. To enunciate 
rules of cell division; to recognize the controlling stimuli that operate in the 
growing regions of shoot and root; to determine the frequency and pattern 
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of cell division which causes growth to occur as it does; these are the ultimate 
goals of the study of development and morphogenesis. However, as shown 
above, a start has been made toward understanding the factors that deter- 
mine the division of cells and with the recognition that free cells—more than 
those in preformed organized units—grow independently and then, like 
embryos, express their innate totipotency. 

But the crux of the problem comes when one tries to interpret what happens 
in any shoot and root growing point and why, from the outset, their behavior 
is so distinct and polarized. It is true that many growing points of shoots can 
be greatly modified by etiolation (growth in complete darkness) or by growth 
submerged in water (which may, in some cases, induce growth which more 
nearly approaches that of a root). Whereas root apices usually appear first in 
embryogeny, they can often be regenerated on shoots (as in many familiar 
facts of propagation) but more rarely will a root give rise to shoots. Whereas 
attempts to culture angiosperm (especially dicotyledonous) root tips have 
often been crowned with success, even if the severed tip is small, the corre- 
sponding attempts to cultivate the shoot tip generally fail if the explant is 
so small that it includes only the central growing region without numerous 
leaf primordia and internodes from which it can also regenerate roots. Root 
and shoot may, therefore, be more metabolically interdependent than is 
understood. 

Ideas upon the organization of growing points have, however, changed 
markedly. Views upon the actual distribution of cell division in the apices 
of shoot and root have changed with the recognition that there is often a 
quiescent region near the root tip in which central cells seem to enlarge early 
and do not, therefore, play a very active role in cell division. Furthermore, 
the main sites of division in the shoot apex are now seen to be much less at 
its surface than was hitherto thought and much more along its flanks, where 
leaves originate, with pronounced centers of meristematic activity in the so- 
called rib meristematic regions. Again in shoot apices, central and quiescent 
regions are being recognized. The physiological significance of the so-called 
quiescent regions can only be surmised, though they may well elaborate 
certain nutrients and stimuli which are supplied to the adjacent and more 
actively dividing cells. No longer is it tacitly assumed that the extreme apex 
or tip of shoot and root is of necessity a great center of metabolic activity, 
for Brown and his co-workers (Sunderland, Hayes, and Brown 1956) even 
conclude that the shoot tip is like an outer mantle of comparatively little 
activity surrounding a central core of metabolically more active cells. 

Sufficient has been said, therefore, to show that physiologists interested 
in growth and development have made a start on the experimental attack 
upon the great questions which are raised by the way the growing points grow. 

But the outstanding example of the great morphogenetic problems that 
need interpretation in terms of the physiological responses of apical growing 
regions are the problems of floral induction and the transition from vegetative 
to reproductive growth. It is not enough to describe, in the behavior of a 
normally short day plant (e.g. Xanthium), the effect of a single long night 
which will cause flowering to ensue, nor that the one long night may be inter- 
rupted by a single short flash of light to counteract that stimulus. Eventually 
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we shall need to know precisely how the stimulus of night, or the effect of 
interrupted light, affects the growing point itself. To date, most attempts to 
see visible effects upon the growing region of the shoot apex which are com- 
mensurate with the morphogenetic influence so imparted have been disap- 
pointing, although Wetmore’s (1956) and Wetmore, Gifford, and Greene’s 
(1959) account of the effect of photoperiodic stimuli upon the redistribution 
of cell division in certain shoot apices is a major step in the right direction. 
Clearly, however, the task will not be accomplished till one knows how photo- 
period and thermal period, vernalization, rest period, and dormancy influence 
the actual growing regions. With confidence one can predict that, however the 
stimulus is ‘‘perceived’’, it will ultimately be transmitted to and affect the 
actual growing cells by some chemical means which still needs to be under- 
stood. Perhaps even as this is written the mechanism of “‘perception’’ of the 
photoperiodic stimulus is nearing elucidation by the well-known work of 
Hendricks and Borthwick (1954). Even so, however, there remains the 
problem how the effect is mediated upon the cells of the growing regions. 


Trends in Molecular Biology 


This was referred to in the preamble. It is, however, well to reiterate that 
certain limitations are evident in the current ‘“‘molecular’’ approach to biology. 
This approach is essentially based on the views, largely elaborated from 
animal systems or bacteria, that the entire blueprint covering the fate of the 
organism through its life cycle is embodied in the information imprinted 
upon the DNA of the chromosomes, and that the extent of “coding”? which 
is feasible by the sequence of bases along these polynucleotide chains can 
incorporate all the information necessary. This approach has met with con- 
spicuous success in the interpretation of certain metabolic abnormalities in 
which specific genes cause the formation of unit changes in the structure of 
a given protein, as, for example, the well-known and remarkable work on 
inherited abnormalities in the structure of hemoglobins. Obviously such 
important contributions will remain part of the interpretation of living things 
and where such direct parallels can be drawn their meaning is clear. 

However, one should also see in the complex interactions of gene-controlled 
factors in development the need for other controlling influences. A given cell 
in a given environment apparently endowed with the same totipotent genetic 
information may do very different things. It may be a quiescent phloem 
parenchyma cell and make stored nitrogen compounds and carotene or it 
may grow apace, synthesize a maximum of protein and even some protein 
of a characteristic kind which seems peculiar to proliferating cells, for it 
contains much hydroxyproline and is metabolically inert (Pollard and Steward 
1959). Again it may behave like a zygote and form a cellular clump which 
will organize to form a root, then a shoot, and grow into an “‘embryo”’ plantlet 
and a whole plant. Examples may be multiplied indefinitely, but the lesson 
and the challenge is clear. 

Additional to the genetically imparted information, which is carried in the 
structure of DNA and is implemented along the gene-enzyme—protein lines 
of conventional ‘‘molecular biology’’, we should see plant cells and the organ- 
ism in even broader terms. This is so because the charted path of the organism, 
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for which the DNA is the blueprint, allows the organization great latitude 
in response. The initial trajectory or path of the organism, likened to that of 
a missile, charts the course in broad terms. But this may be modulated along 
the way, by photoperiod and night temperature, by etiolation or insolation, 
by the incidence of rest and dormancy, by vernalization, etc. Or again the 
information may be suppressed in the course of differentiation and develop- 
ment to permit otherwise totipotent cells to assume their specialized functions 
in the plant body. The evidence indicates that the cellular organization is 
responsive to a variety of exogenous chemical controls which modify its 
behavior in these respects. In part, these controls flow from factors deter- 
mined by position in the growing regions of shoot and root; in part they flow 
from superimposed substances (whether conventionally called auxins, kinins, 
gibberellins, or chemical growth regulators) such as those which have been 
shown to be effective in morphogenetic experiments and in tissue culture. 

These later effects, associated with development, may be likened to the 
instructions relayed from the bridge to the engine room, which modify, in 
accordance with prevailing conditions, the predetermined path of a vessel. 
Like the vessel, or the missile, the organism starts off with a thrust or “‘built- 
in’’ capacity to grow, mysteriously conveyed to the zygote at fertilization and 
fostered by the contents of embryo sac and of endosperm which provide its 
early nourishment. In part this capacity to grow works itself out, subject to 
metabolic fuel and nutrition, just as the missile, or ocean liner, consumes its 
fuel. But the ‘‘built-in’’ capacity to grow may be modified, modulated, and 
controlled by a variety of factors which are not genetic, not inherently ‘‘built- 
in’. These “‘epigenetic’’ factors (cf. Waddington, 1957) seem to operate 
through the ability of the cell’s organization to respond to a series of chemical 
controls, controls which affect its ability to grow and divide or to enlarge or 
to metabolize in a particular way.’ 

In the working out of these problems, which will require biochemistry to 
be combined with the intimate study of organization, developmental plant 
physiology has a bright and distinctive future amongst the biological sciences. 

In modern science it is often felt that ultimate truths should be expressed 
in mathematical terms. Plant physiology and plant physiologists may indeed 
be, and have been, reproached for their comparative inability to do this. So 
long, however, as the mathematical approach can at best describe what 
happens after it happens (as in the analysis of growth curves), and especially 


2None of the terms available (hormone, vitamin, auxin, kinin, gibberellin, caline) quite 
expresses the arrangements for control of the path taken during growth and development, 
for each has connotations peculiar to the circumstances in which it originated and implies 
some idea of the mechanism of the active agents. It has been drawn to my attention that no 
Greek word quite expresses the system or arrangements by which growth could be steered, 
controlled, or modulated. However, the Latin word ‘‘moderamen” was used for the arrange- 
ments by which the helmsman of a vessel, or a charioteer, determined or controlled its course. 
One might, therefore, speak of the whole system of controls in the cellular organization as 
the ‘‘moderamen’’, the various factors which modulate or control by interacting with the 
predetermined organization would be “‘moderaminants”’ , without regard to how they act, and 
this type of interaction or effect could be “moder: :minous” . Terms are only valuable insofar as 
they clarify ideas and, as has been said, the nearest equivalent in use is the idea of ‘‘epigenetic”’ 
factors, a term which is only restricted by the implied connection with, or similarity to, the 
genetic apparatus. 
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where it fails to attach biological significance to the constants employed, 
this approach has not been very illuminating. 

Therefore, whilst modern physicists can look, hopefully, to an all-embracing 
equation which expresses what one needs to know about space and time, 
matter and energy, this in biology is very far ahead indeed. The present 
complexities of the cells and organs which do grow and the many variables, 
nutritional, environmental, metabolic, genetic, etc., which affect growth, and 
the equilibrium and non-equilibrium processes involved in growth, would seem 
to require a mathematical interpretation of unworkable complexity to describe 
what a growing organism is. However, in due course it may be possible to 
put into a modern computing machine the analogues of the information that 
goes into the zygote and then predict how the organism, as it grows, will 
respond to external stimuli. Till this is feasible, we can progress by assessing 
on the one hand precisely what organized structures actually do, and, on the 
other, how they respond to chemical and environmental stimuli. This is 
surely what modern developmental plant physiology is about. Biochemistry 
and enzymology have gone far to explain the course of metabolism; genetics 
and molecular biology have gone far to show how the individual characteris- 
tics of the organism are predetermined; knowledge of inorganic and organic 
nutrition goes far to show how plants are nourished but the outstanding gap 
that needs to be closed is an adequate understanding of the organization of 
cells and growing regions which permits them to function as they do. 
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ENDOGENOUS RHYTHMS AND MORPHOGENESIS! 


E. BUNNING 


Physiologists have known for a long time that the presence of various 
distinct structures within a cell makes it possible for a number of different 
processes to proceed simultaneously without interference with one another. 
Less known, however, is the fact that a cell has also a mechanism which 
allows it to separate, in time, various processes which occur during its develop- 
ment. Thus, a cell can switch on and off two qualitatively different physio- 
logical states one after the other and thereby provide certain extreme physio- 
logical conditions in alternation. Some of the physiological processes are 
possible only in one of these extreme conditions. 

The importance of such an alternation in the physiological states of a cell 
has been revealed from a number of recent experiments with synchronized 
cultures of microorganisms. A great deal is also known about the so-called 
endogenous diurnal rhythms of physiological conditions, which occur in the 
cells of multicellular organisms, that is, about the cyclical changes with a 
period of about 24 hours, which occur in cells existing even under constant 
external conditions. 

A great deal of our knowledge of these approximately diurnal oscillations 
in plants and animals has been brought together in the Cold Spring Harbor 
Symposium on Biological Clocks held this year. It has been generally agreed 
to refer to these oscillations as “‘circadian rhythms” (circa, about; diem, day) 
and the importance of these circadian rhythms for plant and animal develop- 
ment has been extensively discussed. 

Among the processes which are dependent upon the endogenous rhythm 
are, for example, photosynthesis and respiration. Thus there is in a cell an 
alternation between the two physiological states, one of which favors photo- 
synthesis and the other respiration. One can also cite a number of other pro- 
cesses controlled by such a “‘physiological clock”’, like bioluminescence, growth, 
turgor, sporangial discharge, permeability, certain biochemical syntheses, 
and so on (1, 5). 

The importance of this endogenous rhythm for morphogenesis becomes 
apparent from a number of observations. We know that this rhythm may 
disappear under constant conditions (in continuous light, for example). 
When this does happen, the alternating extreme physiological states are not 
attained and the cell can no longer carry out certain processes, which are 
dependent on the occurrence of these states (Fig. 1a). As a consequence, there 
arise physiological blocks. These blocks are manifested when plants grown in 
constant light show damage or the absence of certain developmental features. 
This is illustrated, for example, by the failure of the flowers of certain plants to 

1Manuscript received December 27, 1960, 
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Fic. 1a and 1b. The role of endogenous rhythm in physiological processes. 

Fic. 1a. Under constant conditions (continuous light or darkness at constant tem- 
peratures) the diurnal oscillations of the rhythm gradually die away. Physiological 
processes dependent upon different maxima in oscillations may finally cease. 

Fic. 1b. A short dark period does not suffice to reinitiate diurnal oscillations after a 
long period of continuous light. A dark period of at least 8-10 hours is required. Such a 
dark period restores the processes blocked under constant light. 











open under continuous light or by the failure of sporangia in several lower 
plants either to develop or to discharge their spores. Insofar as such blocks 
rest on the absence of diurnal oscillations, they are easily eliminated by the 
resumption of oscillations. In a constant light this may be brought about by 
the insertion of a single dark period of 8-10 hours’ duration, as is shown in 
Fig. 1b. It may also be restored by a single exposure to low temperature (+5°, 
for example). 

There are still other indications of the importance of endogenous rhythms to 
morphogenesis. Cell sensitivity to light and temperature both have been 
reported as characteristics regulated by the rhythm. This sensitivity, in fact, 
provides the basis for the thermo- and photo-periodic reactions (1, 11). 
Endogenous rhythms apparently cause an alternation between the two 
physiological states, which differ both quantitatively and qualitatively in 
their sensitivity to light and temperature. 

In the following discussion I shall limit myself to the relationship between 
the endogenous rhythm and photoperiodic reaction, though other processes 
may also be referred to in order to clarify some particular detail. 

It must be made clear at the beginning of this talk that photoperiodism is 
not, as is often assumed, a reaction related solely to floral initiation. A number 
of physiological processes in both plants and animals may be also photoperiod- 
ically controlled. Thus in some plant species, photoperiodic reactions are 
involved in the germination of seeds or in the induction and breaking dormancy 
of buds and bulbs. On the other hand, in other species these same phenomena 
may be independent of the length of the photoperiod. This diversity in re- 
action is similar to that observed in our operation of many technical processes. 
Thus industrial machines may be turned on and off either directly by hand or 
by means of a time-clock. 

Photoperiodic control of a physiological process means that, as shown in 
Fig. 2, one of the intermediate stages of such a process contains a built-in 
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Fic. 2. Photoperiodic control of physiological processes in plants and animals. Several 
parallel processes, indicated by the arrows, are necessary to enable a complex process like 
flower initiation, induction or breaking of dormancy to be completed. Some of these 
parallel processes may contain a block which can be lifted only by a time-measuring process 
controlled by the light-dark regime. 


physiological block, which can be removed only by the right day length 
(i.e. by means of a time-measuring device). We are not concerned here, how- 
ever, with the totality of the various stages involved in flowering as an example 
of a photoperiodic response, but only with the question of how such a block 
can be removed by a physiological time measurement. 

The basis of photoperiodic time measurement is the existence of a critical 
day length. The plant can depend upon this critical day length to determine 
the right time of the year for carrying out its developmental processes. To be 
useful for such a purpose, the critical day length should be relatively independ- 
ent of temperature and this is indeed the case. 

I am not talking now about all the different temperature effects either on 
flowering or on other processes which can be under control of the day length. 
I am talking only about the temperature effect on the critical day length. 
Direct temperature effects on all other processes represent quite a different 
matter. 

This low temperature coefficient has been the stumbling block in the way 
of previous attempts to explain the critical day length in terms of a single 
biochemical reaction. It had been thought that the beginning of either light 
or dark periods initiated a single biochemical reaction, which was completed 
only after a definite time (the critical day length) had elapsed. One would 
expect that the rate of such a reaction would be strongly influenced by the 
temperature. 

Now we have a clear proof that the time measurement in photoperiodic 
reactions is accomplished, not by a single biochemical process in the classical 
sense, but with the help of the endogenous rhythm. In all the cases studied 
so far, the length of the periods in this rhythmicity is known to be rather 
temperature independent (1, 5). Thus the suggestion of the endogenous 
rhythm for the timing in photoperiodism explains the relative temperature- 
independence of the time-measuring process. In illustrating this relationship 
we shall limit ourselves to the short-day plants. The basic considerations in 
such an explanation are indicated in Fig. 3, a, 6, and c. 

We see in Fig. 3a that there is an upper limit to the length of day under 
which a short-day plant can flower. This limit is called the critical day length. 
According to the ‘‘classical’’ hypothesis, the critical length for the light (or 
dark) period is determined by the time required for the completion of one or 
two processes, as shown in Fig. 3b. However, it may be easily demonstrated 
that so-called light or dark processes are correlated with the endogenous 
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Fic. 3a, 3b, and 3c. The role of endogenous rhythm on the induction of flowering in a 
short day plant. 

Fic. 3a. Relationship between the day length and floral initiation. Abscissa: length 
of light period. 

Fic. 3b. The ‘‘classical’’ explanation of the relationship indicated in Fig. 3a. One or two 
of the processes must occur, requiring (in this example) 11 and 13 hours for the induction. 

Fic. 3c. Explanation of the time measurement in terms of the endogenous rhythm. 
The rhythm causes an alternation between one state, in which light promotes flowering 
(photophil phase), and another, in which flowering is inhibited by light (scotophil phase). 


rhythm of the plant. That is, the rhythm illustrated in Fig. 3c causes an alter- 
nation between the two physiological states, which differ qualitatively in their 
response to light. Naturally, these cycles of light sensitivity, i.e. changes 
in the quantity and quality of the response to equal light stimuli offered at 
different times, are to be regarded as a consequence of the rhythm and not as 
the clock itself. 

The correctness of this interpretation may be demonstrated in several 
plants which show other rhythm-controlled phenomena occurring concur- 
rently with that of the photoperiodic flower induction. These other phenom- 
ena may serve as the ‘‘clock hands”’ to indicate the clock’s progress. Thus 
simultaneously with the observations on floral induction, one can also follow 
the course of this internal clock, by observing plant responses to light stimuli 
given at various times. 

Let us observe such a relationship in a single plant Kalanchée blossfeldiana. 
This plant shows, besides rhythmic light sensitivity, also another easily 
measurable process controlled by its internal clock. For the ‘‘clock hands” 
we may use the opening and closing movements of its flowers. For such 
observations we must use, of course, plants already in bloom, while non- 
induced plants will serve for the determination of their photoperiodic floral 
induction. It has been shown in numerous experiments by Biinsow (4) that 
opening of the flowers corresponds to the physiological state of a plant in 
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Fic. 4. Relationship between the opening and closing movements of petals and the daily 
rhythmic changes of photoperiodic light sensitivity in Kalanchée blossfeldiana grown in 
light-dark cycles of 9/15 hours. 

Left ordinate: relative aperture of flowers. 

Right ordinate: action of light on flower initiation (data taken from Biinsow). 


which light promotes floral initiation (photophil phase), while closing corre- 
sponds to that in which light inhibits flowering (scotophil phase). This relation- 
ship is illustrated in Fig. 4. 

We shall now consider a few examples of the numerous published ’and 
unpublished experiments carried out on this subject by several workers in this 
field. 

As is illustrated in Fig. 5, when a plant is grown on a normal light-dark 
cycle (9 hours of light and 15 hours of darkness) introduction of light flashes 
during the dark periods inhibits flowering, the extent of inhibition being 
dependent upon the time at which the flash is given (8). The same figure 
also gives the movement of petals, as observed in comparable plants grown on 
the same light-dark cycle, but without light flashes. Such petal movements 
serve as a ‘‘clock hand”’ of the rhythm and the synchronization of both curves 
in this figure is apparent. 

As is shown in Fig. 6, the diurnal rhythm continues even in plants which 
were placed on 8 cycles with very long dark periods (10 hours of light and 62 
hours of darkness). Prior to and after these cycles, plants were grown on con- 
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Fic. 5. Relation between the initiation of flowers and the movement of petals in 
Kalanchée blossfeldiana. 

“Clock hand’’ curve after Harder and Bode (7). The graph for the floral initiation 
from our own laboratory. White light flashes are of 1-minute duration. 
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Fic. 6. Effect of a long dark period on the initiation of flowers in Kalanchée blossfeldiana. 


tinuous light. Red light flashes were of 2 minutes’ duration (maximum at 650 
mp, each flash had 660 kiloergs X cm~*) and these were given at various 
times in the long dark period. Continuation of the diurnal rhythm during the 
long dark period is apparent from the petal movement (‘‘clock hand’’), 
observed on plants kept under comparable conditions (3, 9). A physiological 
state (a photophil phase), in which light promotes flowering, continues to 
alternate during this long dark period with another state (scotophil phase) 
in which light is inhibitory. Each of these alternating phases lasted about 
12 hours. 

It was shown by Hamner and his co-workers in their experiments with 
soyabean (7) that an increase in the length of dark period did not always 
result in the stimulation of floral induction. The results of our own experiments 
with Kalanchée, presented in Fig. 7, reveal that a further increase in a dark 
period beyond 18 hours actually gives a lower induction than a dark period 
of only 18 hours. Minimal induction is reached with a dark period of 24-27 
hours. However, a second period of maximal induction is obtained with a dark 
period of 42-48 hours, while a second minimal period occurs with a dark 
period of 66—72 hours. 
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Fic. 7. Effect of the extension of the dark period on flowering and petal movements in 
Kalanchée blossfeldiana. Both curves after Biinning and Engelmann. 
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These results can be explained, when we compare them with the graph 
showing the movement of petals as the ‘‘clock hands” of the internal clock. 
This last graph was obtained on plants kept in continuous darkness. 

An extension of the period of darkness may occur either in the photophil 
or in a scotophil phase of the internal clock and its effect on flowering will 
depend in which one of these two phases it has fallen. 

From the brief review given above it becomes quite clear that diurnal 
alternations in the physiological states of a cell, that is endogenous rhythms, 
play an important role in plant morphogenesis. Examples have been pre- 
sented for Kalanchée. For further details, as well as for information on other 
species, one should examine literature cited in the course of this presentation. 
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STRUCTURE AND COMPOSITION OF PLANT-CELL ORGANELLES 
IN RELATION TO GROWTH AND DEVELOPMENT! 


GEORGE SETTERFIELD 


Introduction 


The complex processes involved in growth and development of plants 
may be studied at many levels and from many points of view. One main 
approach has been observation with the light microscope where the general 
form of the cell is revealed and some information on cell contents is obtained. 
This type of study has produced an extensive literature on plant cytology 
and anatomy (17) but a wide gap remains between such knowledge and the 
available information on biochemical and physiological processes occurring 
in growing tissues (62). Clearly one prerequisite for understanding the nature 
of growth and development is at least a partial bridging of this gap. 

A number of new cytological and cytochemical methods such as electron 
microscopy, cell fractionation, autoradiography, and cytospectrophotometry 
have begun to provide information in this area between gross cellular structure 
and physiological processes. Most of such information is derived from animals 
but where studies have been performed on plant cells they indicate that 
structure and function at this level is basically similar in all higher organisms. 
Recently we have applied a number of these techniques to plant cells in both 
dormant embryos and growing tissues and this paper will summarize some 
of the results and relate them to similar information obtained by other workers. 

The discussion will be organized around the three general areas of the plant 
cell: the nucleus, cytoplasm, and cell wall. The nucleus is, of course, the seat 
of genetic information, probably mainly in its DNA component, and is prim- 
arily of importance in supplying the plan for development. Expression of this 
genetic plan, on the other hand, undoubtedly occurs principally in the cyto- 
plasm through control of the mechanisms of protein synthesis (10). One of 
the main problems of developmental physiology is elucidation of the means 
by which this control is achieved. Finally, in plant cells the wall represents 
the most obvious differentiating structure and is of importance as one of the 
main “end products” of cellular development (52). Specifically, cell wall 
formation raises the problem of how organized structure is produced through 
metabolic activity of the cytoplasm. Unfortunately, it is symptomatic of the 
fragmentary knowledge of all of these subjects that no over-all integrated 
discussion is possible and each area must at present be considered more or less 
independently. 

‘Manuscript received December 27, 1960. 
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2The following abbreviations are used: DOC, desoxycholate; DNA, desoxyribonucleic acid; 


DNAase, desoxyribonuclease; ER, endoplasmic reticulum; RNA, ribonucleic acid; RNAase, 
ribonuclease. 
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Fine Structure 

It is a striking fact that while the major advances in cytology resulting 
from use of the light microscope concerned nuclear structure, electron micro- 
scope studies on nuclear organization have been relatively unrewarding 
(6, 59). No general functional interpretation of the observed fine structure 
within nuclei is yet possible so that this section will merely indicate some 
of the main structural features present. 

The most consistent and best described nuclear structure is the envelope. 
In a number of organisms it has been shown to consist of two distinct parallel 
membranes 200-300 A apart, which are ney d interrupted by pores 
about 400-1000 A in diameter (45, 59, 71, 74) (Fig. 1). The double membrane 
aspect of the nuclear envelope is similar to the as systems of the 
cytoplasm referred to as endoplasmic reticulum (discussed below), and Porter 
and Machado (45) have recently shown that in dividing cells of onion root 
tips the nuclear envelope is indeed formed during telophase through coalescence 
of elements of the reticulum. Whaley and co-workers (72, 74) have also shown 
in meristematic cells of corn roots that the nuclear envelope shows numerous 
direct connections to the endoplasmic reticulum. It is thus possible, as sug- 
gested by Watson (71), to regard the nuclear envelope primarily as a specialized 
form of endoplasmic reticulum and therefore a structure basically of cyto- 
plasmic origin (74). In keeping with this concept it may be noted that organisms 
lacking a typical membrane-bounded nucleus, such as bacteria and blue- 
green algae, also lack demonstrable endoplasmic reticulum in the cytoplasm. 

The structural situation within the nucleus is much less clear. At low 
magnification dense areas probably representing chromatin are usually 
visible and between these are less dense interchromatic regions (59). The 
amount of dense chromatin varies with the DNA content of the nuclei. For 
example, little chromatin is apparent in nuclei of cucumber root (Fig. 1), 
while pea-embryo nuclei show prominent chromatin bodies (Fig. 2). Cyto- 
photometric measurement of Feulgen stain indicates that cucumber nuclei 
contain only about 10% as much DNA as pea nuclei (57). Swift (59) has shown 
a direct correspondence between areas staining densely with Feulgen and the 





Note: All figures in Plates I, II, III, and V are electron micrographs. 


SyMBOLS UsED: N. Nucleus. 

A. Additional longitudinal microfibrils. Nm. Nuclear membrane. 
C. Chromatin region. Nu. Nucleolus. 

Cy. Cytoplasm. P. __Proplastid. 

D. Dictyosome. R. Ribosomes. 

ER. Endoplasmic reticulum. T. Tonoplast. 

i. Interchromatin region. V. Vacuole. 

Ic. Intercellular region. Ve. Vesicular membranes. 
M. Mitochondrion. W. Cell wall. 


Fic. 1. Portion of nucleus and nucleolus in cucumber-root cell. X 28,500 

Fic. : Portion of nucleus and nucleolus in pea-embryo cell. X 19,000 

Fic. 3. Low magnification view of isolated pea-embryo nucleus. Stained in lead 
hydroxide. The dense black granules are precipitate formed during = xX 11,500 

Fic. 4. Higher magnification view of a pea-embryo nucleus as in Fig. 3. Note the 
delicate particulate component. X 18,000 
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chromatin areas visible in the electron microscope, although there is also 
staining between the chromatin regions. 

Concerning fine structure, in thin sections of osmic-acid-fixed preparations 
of pea-embryo cells both chromatin and interchromatin regions of the nucleus 
appear to contain very irregular fibrillar and particulate material (Figs. 1, 2) 
but we are unable to recognize any very regular organization. Such lack of 
definitive organization at the level of nuclear fine structure is apparent in 
published electron micrographs of other authors (30, 59). In animal nuclei 
some definite granules, with which RNA possibly is associated, have been 
described (59) and a wide range of ribonucleoprotein particulate material 
has been isolated (18), but as yet no generally consistent picture of the fine 
organization has emerged. 

Dr. S. T. Bayley and I have begun some studies on structural components 
of pea-embryo nuclei which were isolated by cell fractionation procedures 
(28). Figure 3 shows a typical section of such a nucleus fixed with osmic 
acid and stained in lead hydroxide, which has an affinity for structures con- 
taining nucleic acids (70). Isolation of the nucleus has disrupted the clear- 
cut separation into chromatin and interchromatin regions but cytophoto- 
metric measurements (57) indicate that little or none of the DNA is lost 
during isolation of the nuclei and apparently the dense chromatin regions 
have merely dispersed. The most obvious component of these nuclei is fine 
particulate material, which is increased in density by the lead staining, appear- 
ing as aggregations of granules or fibrils about 100 A in diameter (Fig. 4). 
Moses and Lafontaine (33) have also suggested that such a fine fibrillar com- 
ponent is a basic feature of interphasic plant nuclei. The particulate material 
is essentially unaffected by treatment with RNAase prior to fixation (Fig. 5) 
but, on the other hand, is entirely destroyed in nuclei treated with DNAase 
before fixation in osmic acid (Fig. 6). It is thus likely that the DNA of these 
nuclei is associated with the fine particulate material which stains readily with 
lead. Unfortunately, the rather irregular nature of this material gives little 
insight into the over-all structural organization or the function of the inter- 
phasic chromosome. The lack of influence on structure by RNase treatment 
suggests that an obvious structural component containing RNA is not present 
in these nuclei, which, in turn, may reflect the fact that they are derived 
from metabolically inert tissue or perhaps loss of an RNA component during 
isolation. 

Apart from the chromosomal region of the nucleus, the nucleolus is a ubiqui- 
tous nuclear feature which has long intrigued cell physiologists. Sirlin (55) 
recently discussed modern thinking about this structure and elaborated 
the two main theories concerning its function. Briefly, the nucleolus has been 





Fic. 5. Isolated pea-embryo nucleus treated with RNAase prior to fixation. Stained 
in lead hydroxide. Note the empty space where the nucleolus existed. X 15,800 

Fic. 6. Isolated pea-embyro nucleus treated with DN Aase prior to fixation. Note the 
absence of any fine particulate material in the nuclear region. X 11,000 

Fic. 7. Isolated pea-embryo nucleolus. X 28,000 

Fic. 8. Portion of a pea-embyro cell at the region of the nuclear membrane. Stained 
in lead hydroxide to reveal ribosomes. X 21, 
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considered as (a) a central structure in the general functioning of the nucleus, 
or (6) a specialized structure concerned with the operation of one or a few 
genes. There seems little doubt that nucleolar formation is directly related to 
specific genetic loci (60), but at the moment it is impossible to decide how 
generally important in cell metabolism this structure is. Autoradiographic 
studies with both animal (1, 21) and plant (75) tissues suggest that the nucleo- 
lus may be a region where RNA is synthesized or accumulated prior to trans- 
port to the cytoplasm. It has also been proposed that nucleoli are regions of 
protein synthesis and that the proteins formed may be involved in cyto- 
plasmic metabolism (55, 60). In addition, Seed (48) has shown that specific 
irradiation of the nucleolus with soft X rays interfered with nucleic acid 
synthesis in the nucleus. Such considerations all imply that the nucleolus is an 
organelle of basic importance in cell metabolism, particularly in the chain 
of reactions concerning nuclear control of cell processes. 

Unfortunately, structural studies add little to these concepts of nucleolar 
function. The nucleoli of broad-bean and onion roots have been extensively 
studied in the electron microscope by Lafontaine (30) and appear similar to 
those we have observed in pea-embryo (28, 54) and cucumber cells (Figs. 1, 2). 
At low magnification the nucleolus is usually fairly homogeneous and of about 
the same density as the chromatin regions of the nucleus. At higher magni- 
fication it is sometimes possible to distinguish particulate elements within the 
nucleolus but their actual nature is unclear. Lafontaine (30) suggested that 
they may represent sections of threads or tubes but it is difficult to infer the 
three-dimensional organization from the electron micrographs of thin sections. 
Swift (60) has described a variety of structural elements in animal nucleoli 
and some of the ribonucleoprotein particulates isolated by Frenester et al. 
(18) from nuclei may be derived from nucleoli, but on the whole the general 
picture of nucleolar organization is obscure. 

Nucleoli do not possess a bounding membrane and when isolated from pea- 
embryo nuclei by fractionation procedures they expand and reveal their 
internal structure somewhat more clearly (28). We have studied such nucleoli 
in the electron microscope and find a range of irregular profiles without any 
obvious organization (Fig. 7). It may merely be said that at least one component 
of plant nucleoli is a complex meshwork of fine particulate material as suggested 
by Lafontaine (30). Incidentally, although these isolated nucleoli appear to 
have lost some structural material as compared with in situ nucleoli (28) 
they have about the same RNA content as in situ nucleoli, as determined by 
cytophotometric measurement of azure-B staining at pH 4.0 (57). 

Another interesting aspect of nucleolar structure emerged from isolated 
pea-embryo nuclei which were treated with RN Aase prior to fixation (Fig. 5). 
In such nuclei the nucleoli were entirely removed despite the fact that RNA 
forms only about 10% of nucleolar composition (56). This result is quite 
distinct from those obtained when RN Aase is applied after fixation (60), where 
nucleolar structure remains largely intact, and suggests that, in the native 
nucleolus, RNA is an essential, integral part of the nucleolar organization 
which on removal causes the preponderant protein to disperse or at least 
become unstable to osmic acid fixation. 

One final negative result of our studies on nuclear structure should be 
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mentioned. Bonner (10) and other authors have suggested that ribosomes 
(ribonucleoprotein or microsomal particles), which are active agents in protein 
synthesis in cytoplasm (discussed below), are formed directly in the nucleus 
by gene action and moved to the cytoplasm. In our observations on pea- 
embryo nuclei we have been unable to see particles similar to ribosomes within 
either nucleus or nucleolus (Figs. 2, 8) and as noted above, the structure 
of the nucleus was unaffected by RNAase treatment. Furthermore, when we 
analyzed a homogenate of pea-embryo nuclei in the analytical ultracentrifuge 
we obtained only a small peak with a sedimentation coefficient of about 80 s, 
typical of ribosomes, which could easily be accounted for by known cyto- 
plasmic contamination of the nuciear preparation. Thus, these embryo 
nuclei do not lend support to the hypothesis that ribosomes are formed 
in the nucleus. However, it must be admitted that these are results from 
nuclei of inert cells and may be atypical. Certainly in nuclei, such as that 
shown in Fig. 1, it is possible to see particles in the nucleus which might 
represent ribosomes “‘in transit’’ to the cytoplasm. 


DNA Metabolism in Relation to Growth 

It is impossible to discuss all aspects of nuclear metabolism here and atten- 
tion will be directed to only one process, DNA synthesis. It is now well es- 
tablished that the amount of DNA within individual nuclei of the same 
organism closely parallels the number of chromosomes, or chromatids, present. 
For example, prior to chromosome replication diploid nuclei contain a basic 
amount of DNA designated in relative terms as 2C. If such nuclei are to 
divide, during the interphase preceding mitosis all chromosomes are dupli- 
cated so as to contain two chromatids each and the DNA content doubles, 
giving a relative value of 4C. During division each new cell then receives half 
of the chromatids and the DNA value of each becomes 2C (42). Diploid nuclei 
may thus contain either 2C or 4C amounts of DNA and similarly tetraploid 
nuclei may have 4C or 8C and octaploid nuclei 8C or 16C, etc. The actual 
process of DNA synthesis appears to be very rapid since very few nuclei 
showing amounts of DNA intermediate between the geometric C class values 
are encountered (58). 

Apart from this simple duplication of DNA in relation to the mitotic cycle, 
several studies have suggested an association between DNA synthesis and 
mechanisms regulating growth in plants. Naylor (36) showed that nuclei in 
the apex of dormant lateral buds of Tradescantia contain the 2C amount of 
DNA and that stimulation of growth of such buds by removal of the apical bud 
is preceded by doubling of DNA to the 4C level. Napthalene acetic acid 
applied in place of the apical bud prevented DNA duplication. Patau et al. 
(41), working with excised tobacco pith, obtained evidence that auxin and 
kinin are both involved in DNA synthesis. The results of Naylor and of 
Patau et al. depended on cytochemical analyses but recently Biswas and Sen 
(8) have reported that auxin can stimulate incorporation of P* into DNA of 
coleoptile segments. 

Such results led us to investigate the DNA content of individual nuclei 
within growing oat coleoptiles. Figures 9 and 10 are multiple frequency dia- 
grams which show the results from measurement of DNA in individual 
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nuclei of coleoptiles of different ages by the two-wave-length cytophotometric 
method, using Feulgen stain. Each individual histogram represents a random 
sample of nuclei from a single coleoptile. The histogram at the upper left 
in Fig. 10 shows DNA values from cell divisions, which serve as standards to 
indicate the class means: anaphases and telophases are by definition 2C and 
prophases and metaphases 4C (42). Figure 9 shows the situation regarding 
DNA contents of nuclei in coleoptiles of germinating embryos. In the ungerm- 
inated coleoptile (0 hour) essentially all of the nuclei are at the 2C level and 
this situation persists during the first 12 hours of germination. At some point 
during the second 12 hours of germination DNA synthesis begins and by 24 
hours after the start of germination about half of the nuclei have reached 
the 4C level of DNA. Cell division aiso starts during the second 12 hours 
and by 24 hours an approximate steady state is apparently established in 
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Fic. 9. Frequency diagrams showing relative DNA contents (Feulgen) of random 
samples of interphase nuclei in oat coleoptiles of germinating embryos. Times in hours 
indicate the periods the seeds were allowed to imbibe water. Obtained through cytophoto- 
metric measurements in 12 uw sections of tissue fixed in ethanol/acetic acid, 3/1. 
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Fic. 10. Frequency diagrams showing relative DNA contents (Feulgen) of random 
samples of interphase nuclei in oat coleoptiles. Each individual diagram from a different 
coleoptile. Lengths of coleoptiles given in millimeters. The diagram at the upper left 
gives DNA contents of dividing cells to serve as a standard for the class means. In some 
preparations the class means were elevated for some unknown reason. Obtained ro 
cytophotometric measurements in squashes of tissue fixed in ethanol/acetic acid, 
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which the number of nuclei doubling their DNA is balanced by the number 
halving their DNA through division. This situation persists through 36 hours 
but as growth proceeds (Fig. 10) it is apparent that the rate of mitosis slightly 
exceeds that of DNA synthesis and there is a slow increase in the relative 
number of 2C nuclei. Cell division only continues until the coleoptile reaches a 
length of about 10 mm (owing to variability in rates of growth after the early 
stages of germination the histograms in Fig. 10 are related to length of the 
coleoptile rather than age in time) where about two thirds of the nuclei are 
2C and one third 4C. However, although cell division ceases at this stage and 
growth continues solely by cell elongation, it is clear that DNA synthesis 
is not blocked and that individual 2C nuclei continue to double their DNA 
until at the cessation of growth (50-55 mm) the nuclei are predominately 4C. 
This slow, steady increase in 4C nuclei would explain the incorporation of P* 
observed by Biswas and Sen (8) in elongating coleoptiles. The general picture 
is also quite similar to that inferred by Jensen ef al. (27) from autoradio- 
graphic studies on onion roots and by Swift (58) from photometric deter- 
minations in the differentiating regions of roots. 

Several interesting conclusions derive from these data on DNA in coleoptiles. 

(1) It appears that DNA content is not directly related to the processes of 
cell expansion since at all stages of elongation cells containing both 2C and 
4C nuclei were present. 

(2) As in lateral buds of Tradescantia (36) the nuclei of the dormant 
embryonic coleoptile are held at the 2C level suggesting a fundamental 
mechanism involved in cell dormancy could be blockage of DNA synthesis and 
this might be related to growth control through plant hormones (Naylor, 
personal communication). However, all dormant plant nuclei are not neces- 
sarily held at the 2C DNA level since dormant pea embryos contain approxi- 
mately equal amounts of 2C, 4C, 8C, and 16€ nuclei (Fig. 11). Swift (58) 
also noted higher DNA classes in embryonic tissues. This situation needs 
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further investigation since it is possible that only the 2C nuclei of the embryo 
contribute to further growth and the higher class nuclei are polyploid and are 
unable to double their DNA and divide when germination proceeds. 

(3) The natural cessation of cell division in the 10-mm growing coleoptile 
appears metabolically quite distinct from that in dormant embryos. While 
DNA synthesis is blocked in the dormant tissue the inhibition of division 
in elongating cells appears to be through processes involved in entrance into 
mitosis and is independent of DNA synthesis. In fact it appears that doubling 
of DNA to the 4C level simply continues as if cell division were occurring. 
There would thus seem to be possibly at least two quite distinct mechanisms 
for organized control of cell division in plants: inhibition of DNA synthesis as 
in embryonic coleoptiles and lateral buds, and a prevention of entrance into 
mitosis independent of DNA level as in growing coleoptiles. 

(4) Although throughout the growth of the coleoptile there is continuous 
doubling of DNA from 2C to 4C levels there seems almost a complete block 
on further doubling to higher class values. The few 8C nuclei present were in 
epidermal cells and were present in fairly young coleoptiles. This situation 
is somewhat distinct from other plant tissues such as pith (41) and roots (58) 
where cells regularly become polyploid. The significance of such differences 
in degree of polyploidy in different tissues remains unknown but at the 
moment there does not appear to be an obvious relationship with growth and 
differentiation. 


Cytoplasm 
Fine Structure 

Probably the most rewarding use of the electron microscope in cytology has 
come through studies on the cytoplasm of higher organisms. As a result of 
intensive investigation for almost a decade, the fine structure of a number of 
cytoplasmic organelles has been thoroughly elucidated and the general simi- 
larity of this structure has been shown in a wide variety of organisms from both 
animal and plant kingdoms. In higher plants attention has largely been 
directed to meristematic cells, which are readily preserved for microscopic 
examination, and Whaley et al. (73) have recently reviewed the extensive 
literature on cytoplasmic structure in these cells. The main cytoplasmic 
organelles of such cells may be described briefly as follows. 

(1) Proplastids. Both roots (73) and etiolated shoot (Fig. 14) tissues com- 
monly show proplastids. These are relatively large globular bodies bounded 
by double membranes and containing various types of internal membranes 
embedded in a rather structureless matrix. Proplastids are generally larger 
than mitochondria and the internal membranes are less regularly arranged 
than the cristae of the mitochondria. The development of these bodies into 
mature plastids has been followed by a number of workers (e.g., 34) and will 
not be considered here. 

(2) Mitochondria. Plant mitochondria have fine structure basically similar 
to that originally described in animal cells (38). They are usually spherical or 
spheroidal bodies bounded by two membranes, the inner of which shows 
numerous infoldings designated as cristae mitochondriales (Figs. 12-14). In 
general, mitochondria of meristematic plant cells show fewer cristae with less 
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regular arrangement than those of animal cells (Fig. 13). Between the cristae 
diffuse dense ground material is commonly seen (Fig. 12). Although usually 
regular in outline plant mitochondria may take on a variety of shapes (73). 
Mitochondria have been clearly demonstrated to be the centers of oxidative 
metabolism in cells (22), an extensive subject which cannot be discussed here. 

The origin of mitochondria is unclear. Membrane-bounded bodies lacking 
internal organization have been reported by several workers (31, 54, 73) 
but it has not been convincingly demonstrated that these represent either 
young proplastids or promitochondria. The variety of irregular shapes which 
mature mitochondria often assume suggest division but again this remains 
unproved (73). Whaley et al. (73) review a number of papers which propose 
that mitochondria arise from either cytoplasmic bodies, Golgi-apparatus, 
nucleus, or plasma membrane, demonstrating the general uncertainty about 
the subject. 

(3) Dictyosomes. Before the application of the electron microscope to cell 
structure the existence of dictyosomes (Golgi-apparati) in plant cells was 
controversial (35). This controversy has now been settled since a number of 
electron microscope studies have conclusively shown that meristematic plant 
cells commonly possess structures similar to the dictyosomes of animals 
(e.g., 43, 72). Essentially the individual dictyosome consists of a regular 
group of parallel, flattened, membranous sacs or cisternae with a number 
of small vesicles at their edges. The number of sacs varies but is usually fewer 
than 10. The membranes are similar to those of mitochondria and endoplasmic 
reticulum (below), but unlike the latter they appear never to have ribosomes 
associated with them, i.e., they are smooth-surfaced. 

Both the origin and function of dictyosomes in plant cells are unknown. 
The associated vesicles are probably important in these respects but it is 
impossible to decide whether they represent bodies moving into or out of the 
cisternae. In the first case they might represent precursor material of the 
cisternae (25) while in the latter they could be ‘‘packages’” of metabolic 
materials being released to the cytoplasm (72) after synthesis or accumulation 
in the cisternae. 

(4) Endoplasmic reticulum. Unlike the above cytoplasmic structures which, 
to more or less extent, were known in the light microscope, the endoplasmic 
reticulum (ER) was essentially a new discovery (44) from electron microscopy. 
The ER is basically a system of membrane-bounded vesicles, tubules, and 
cisternae which permeates the cytoplasm, the individual membranes being 
similar in width and density to other membranes of the cytoplasm and usually 
occurring as double profiles enclosing a space about 150 A wide (45). As 
stated in connection with nuclear structure the double nuclear membrane 





Fic. 12. Cytoplasm in cell from an oat coleoptile about 2 mm long. X 17,000 

Fic. 13. As in Fig. 12, from a coleoptile 5 mm long. X 17,000 

Fic. 14. As in Fig. 12, from a coleoptile 10-12 mm long. X 11,200 

Fic. 15. As in Fig. 12, from a coleoptile about 35 mm long. X 10,000 

Fic. 16. Portion of microsomal fraction from oat coleoptiles about 17 mm long. X 40,000 
Fic. 17. As in Fig. 16, from coleoptiles about 34 mm long. X 40,000 
Fic. 18. As in Fig. 16, from coleoptiles about 54 mm long. X 26,500 
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may be regarded as a specialization of the ER (45, 71) and Whaley and co- 
workers (72, 74) have shown that in young cells of corn root there is a common 
association between elements of the ER and plasmodesmata. Thus in these 
young plant cells there appear to be regular channels from nucleus to nucleus 
via the ER. Such connections are probably of great significance in meristem 
development but their actual function is at present unknown. 

Ribosomes (discussed below) often occur in close association with the ER, 
producing what are commonly known as rough-surfaced membranes. Since 
the ribosomes appear to be intimately involved in protein synthesis the ER 
has also been implicated in this process. Palade (39), for example, presented 
direct electron microscope evidence that, in pancreas, material similar to 
protein is formed within the cisternae of the ER. During cell fractionation 
the ER usually breaks up to form vesicles which sediment primarily in the 
microsomal fraction (40, 73), the fraction commonly found to be active in 
in vitro incorporation of amino acids into proteins (10). 

(5) Ribosomes. The last generally important cytoplasmic organelles to be 
considered here are the ribosomes (microsomal particles, ribonucleoprotein 
particles). Unlike the previously described elements of the cytoplasm, which 
are primarily membranous, the ribosomes are small dense particles about 
150 A in diameter which may occur free in the cytoplasm or bound to mem- 
branes of the ER. The unbound particles are particularly abundant in 
young plant cells (31, 54) and are readily demonstrated, as shown by Watson 
(70), through ‘‘staining’”’ with lead hydroxide (Fig. 8). Ribosomes of the same 
general size and composition have been revealed in all classes of organisms (10) 
and appear to be one of the few universal cytological structures. 

Purified preparations of ribosomes are readily obtained by cell fractionation 
procedures and those from pea seedlings have been extensively analyzed by 
Ts’o and co-workers (63, 65). Briefly, they have shown these ribosomes to be 
particles of molecular weight 4 to 4.5 X 10° with a protein/RNA ratio of 
about 3/2. In the analytical ultracentrifuge they appear quite homogeneous 
(Fig. 19), with a sedimentation coefficient of about 80 s. Removal of mag- 
nesium from the particles causes them to dissociate into specific subunits 
with sedimentation coefficients 60 s, 40 s, and 25 s, but organization within 
the subunits is still largely unknown. A number of biochemical investigations 
(e.g., 46) which cannot be mentioned in detail here have indicated that 
ribosomes are active agents in the final stages of protein synthesis and they 
are thus bodies of great interest in considering growth and development. 





Fic. 19. Schlieren patterns from ultracentrifugation of microsomal fractions prepared 
from samples of 250 oat coleoptiles. The main peak is the 76-80 s peak typical of ribosomes. 
Average lengths of coleoptiles were (a) 10 mm, (6) 30 mm, and (c) 54 mm (fully elongated). 

Fic. 20. As in Fig. 19 except that a crude microsomal fraction was used (see text). The 
fractions giving the lower patterns were identical with those giving the upper patterns 
except that they were suspended in 0.3% desoxycholate instead of water. Average lengths 
of coleoptiles were (a) 15 mm, (6) 35 mm, and (c) 50 mm (fully elongated). 

Fic. 21. Pattern from starch-gel electrophoresis of acid-soluble proteins from ribosomes 
of pea bud. Migration from left to right; cathode at right; pH 4.2, 0.02 M acetate buffer; 
amido black stain. 

Fic. 22. As in Fig. 21, comparing proteins from ribosomes of various organs of pea 
seedlings: (a) bud, (5) etiolated stem, (c) root. 
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Cytoplasmic Structure in Elongating Cells 

The above brief summary of cytoplasmic structure within plant cells refers, 
as noted, primarily to meristematic cells. It is obviously of considerable 
interest to learn of the behavior of the various elements during growth and 
Dr. S. T. Bayley and I have undertaken a study of cytoplasmic structure 
within elongating oat coleoptile cells. The investigation was carried out on 
tissue fixed in osmic acid, which has the disadvantage that in plant cells it only 
gives moderately good preservation of membranous elements (73) but is of 
value in that ribosomes are retained (45). 

Figure 12 shows a portion of a cell from a coleoptile about 2 mm long. 
The appearance is typical of a young plant cell (31, 54), relatively little endo- 
plasmic reticulum and large numbers of unbound ribosomes throughout 
the main cytoplasmic area giving a very dense background. The general changes 
which occur in this structure during elongation are indicated in Figs. 13-15, 
which show examples of cytoplasmic structure in coleoptile cells of increasing 
length to maturity. These changes may be briefly summarized as follows. 

(1) Concerning mitochondria, there appeared to be a moderate tendency for 
the amount of internal material, both cristae and amorphous electron dense 
substance, to increase as growth proceeded (Fig. 15). The total number of 
mitochondria probably also increased since the number in any area remained 
about the same in all cells even though cell volume was greatly increased in the 
older coleoptiles (Figs. 14 and 15). 

(2) Numerous prominent dictyosomes were evident throughout growth and 
the morphology remained essentially unchanged from that in young cells 
(Fig. 14). As with mitochondria, dictyosomes were readily visible in older 
cells indicating that the number must have increased as growth proceeded. 

(3) Large amounts of endoplasmic reticulum were not common in these 
cells, even in the older ones, although isolated elements were always present. 
However, as growth proceeded there was clearly an increase in the amount of 
membranous material present in the cytoplasm. This material was usually 
irregularly vesicular and its significance is not clear. It may represent endo- 
plasmic reticulum disrupted during preparation since vacuolated plant cells 
are particularly difficult to fix, or it may be a real component of the cells pro- 
duced perhaps by the dictyosomes. Further work to clarify the nature of 
this membranous component of older cells is obviously essential, but these 
results clearly indicate that the amount of intracytoplasmic membrane sub- 
stance increases markedly during cell expansion. 

(4) The most striking structural change in the cytoplasm during cell growth 
concerned the ribosomes. The densely packed ribosomes of the young meri- 
stematic cells disappeared as elongation proceeded and in older cells free 
ribosomes were rarely visible. The result of this change was to give an apparent 
“empty” background in the electron micrographs of cytoplasm in older cells 
(Fig. 15). 

From these electron microscope observations it was clear that the main 
change in the cytoplasmic organelles concerned structures which would enter 
the microsomal fraction obtained through cell fractionation, viz., the endo- 
plasmic reticulum, small vesicular membranous elements, and ribosomes. 
To follow these changes further we prepared the microsomal fraction (65) from 
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coleoptiles of different ages, fixed the centrifugal pellets in osmic acid, and 
sectioned them for the electron microscope. Figures 16-18 show typical 
electron micrographs of areas within pellets from coleoptiles respectively 
17, 37, and 54 mm long. As expected, the fraction from relatively young cells 
(Fig. 16) consisted almost entirely of ribosomes but somewhat surprisingly 
a similar situation was found in the fraction from the 37-mm coleoptiles 
(Fig. 17). Only the fraction from older cells (Fig. 18) showed a preponderance 
of membranous material. From these results it was clear that although the 
observations on sections of cells appeared to show a decrease in ribosomes with 
growth, this was probably a result of dilution due to cell expansion rather than 
actual loss of particles. 

As a test of this dilution idea we prepared the microsomal fraction from 
individual samples of 250 coleoptiles of different lengths, made each preparation 
up to the same volume, and analyzed the preparations in the analytical 
ultracentrifuge. Some typical results are presented in Fig. 19, which shows 
that the size of the specific 80 s peak due to the ribosomes remained roughly 
constant during growth and only diminished as growth ceased. This result 
confirms that the number of ribosomes per coleoptile cell tended to remain 
constant throughout the period of elongation and the apparent loss of ribo- 
somes in the in situ studies was only a dilution effect. The real loss of ribosomes 
at the cessation of elongation, as indicated by the ultracentrifuge analysis, 
may be a general phenomenon but it may also be a special effect in this tissue, 
which, not being part of the main piant axis, probably senesces early. 

The above results refer only to ribosomes which are apparently not bound 
to membranes of ER in the cell and it is obviously of interest to obtain similar 
information on ribosomes which may be associated with the ER. Palade 
and Siekevitz (40) showed that in animal cells, ribosomes which are bound to 
membranes of the ER may be readily freed through treatment with desoxy- 
cholate (DOC). We therefore applied ultracentrifuge analyses to equal- 
volume crude ‘‘microsomal’’ fractions prepared with and without DOC 
treatment, on the expectation that any increase in the size of the 80 s peak 
due to DOC treatment would represent ribosomes freed from ER membranes. 
In these studies the so-called mitochondrial fraction (66) was included with 
the microsomal fraction so that no larger membranous elements with attached 
ribosomes would be lost in fractionation. Figure 20 shows some typical ultra- 
centrifuge results from this type of study. DOC treatment of the fraction from 
actively elongating coleoptiles made little difference to the 80 s peak indicating 
the presence of few bound ribosomes in these preparations. This result agrees 
with the electron microscope observations on sections of microsomal fractions 
reported above. On the other hand, DOC treatment of microsomes from older 
coleoptiles, where the number of free ribosomes was greatly reduced, caused 
a significant increase in the size of the 80 s peak. Again this agreed with results 
from sections which revealed primarily vesicular material in microsomal 
preparations from older coleoptiles. 

In summary, these studies on ribosomes in developing coleoptile cells 
indicate that the number of unbound ribosomes per cell remains roughly 
constant throughout the elongation period and then declines sharply at the 
cessation of growth. On the other hand, there are relatively few ribosomes 
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attached to the ER in growing cells and only in older cells could a significant 
number be detected. There is thus a noticeable change in the ribosomal 
composition of these plant cells associated with growth, which undoubtedly 
reflects a change in the function of these components. A rather similar picture 
concerning the ribosomes and ER has been noted by Lund ef al. (31) in the 
development of corn roots, suggesting that the transformations observed 
here are of general significance in plant cell development. A tempting hypoth- 
esis might be that the free ribosomes, preponderant in growing cells, are 
primarily concerned with synthesis of structural protein of the cytoplasm 
while the ribosomes bound to membranes are basically concerned with pro- 
duction of metabolic proteins utilized in the function of the mature cell. 
A more thorough presentation and discussion of these results is intended in 
the near future (3). 


Ribosome Composition 

Apart from the primarily quantitative data on ribosome content presented 
above, the qualitative nature of ribosomes is of considerable interest in re- 
lation to developmental physiology. If the particles are centrally involved 
in protein synthesis (10) it is possible that they will show changes in com- 
position which would reflect the changes in metabolism associated with cell 
differentiation. Surprisingly, however, by most techniques ribosomes show 
relatively little heterogeneity. For example, particles from different species 
(64) and different organs of the same species (65) show similar ultracentrifuge 
behavior. The RNA to protein ratios are also generally consistent and even 
the amino acid composition of ribosomes from animal and plant sources is 
remarkably similar (64). Wright (76) has noted some antigenic differences in 
oat microsomes which appear to be associated with differentiation but the 
basis of these differences is unclear. 

Recently, we have shown that the ribosomes of apical buds of pea seedling 
contain a complex group of weakly basic proteins which are soluble in acid 
(53). Figure 21 shows a typical pattern obtained from electrophoresis of these 
proteins in starch-gel. In the hope that this complex group of proteins would 
reflect changes in the ribosomes associated with different tissues we have 
prepared a similar protein fraction from ribosomes of several organs of the 
pea and subjected them to starch-gel electrophoresis. Figure 22 shows electro- 
phoretic patterns comparing proteins derived from ribosomes of pea bud, 
stem, and root and it can be seen that in the main the patterns are similar. 
These results are quite preliminary and need extension but at the moment they 
suggest that the basic protein complex is a consistent feature of the ribosomes 
throughout the plant, rather than a differentiating element. The significance of 
such a result is open to many interpretations and must be regarded with 
hesitancy. For example, these proteins may only represent part of a structural 
shell of the particles which is not directly involved in their specific functions. 
On the other hand, the similarity of the proteins may reflect the fact that the 
ribosomes, although from different tissues, were all primarily derived from 
parenchyma cells and for this reason were basically similar in composition 
and function. Clearly further work on the qualitative nature of ribosomes 
is essential in interpreting developmental processes. 
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The Cell Wall 


Any discussion of structure of plant cells in relation to developmental 
physiology must take cell walls into consideration These prominent structures 
determine the gross form of most plant cells and are therefore basically res- 
ponsible for the morphological characteristics of plant tissues and organs. 
The problem of growth and morphological differentiation of plants is there- 
fore in large measure a problem in understanding growth and development 
of cell walls. 

The most important consideration in our present views of the behavior 
of cell walls comes from the recognition that walls, although appearing essen- 
tially homogeneous in the bright field microscope, contain an organized sub- 
structure. Thus, for example, it was recognized many years ago from studies 
with polarized light that walls contain a crystalline component of varying 
organization which persists after extensive extraction of wall material. In 
recent years this structural situation has been clarified through chemical 
and X-ray diffraction analyses and electron microscope observations, and plant 
cell walls have been shown to have a universally similar organization, viz., 
a continuous amorphous matrix composed primarily of polysaccharides, in 
which long crystalline microfibrils of cellulose, or chitin in some lower forms, 
are embedded (29). The relation of these two structural phases of the wall 
to growth and development will be briefly discussed below. 


The Wall Matrix 

No simple organized structure has been demonstrated in the polysaccharide 
matrix of walls but certainly the molecules must interact to produce a three- 
dimensional network which forms the continuous phase of the wall. As the con- 
tinuous phase the matrix then takes on significance in determining rigidity 
of the wall, thereby possibly actively influencing processes of cell expansion. 

In the 1930's Heyn (24) clearly demonstrated that auxin could produce 
changes in plasticity of primary walls and suggested that this controlled 
plasticization could form the basis of a growth-regulating mechanism. In 
recent years Heyn’s ideas have gained popularity, and attention has been 
turned to the nature of the changes within the matrix which, through auxin 
mediation, could regulate plasticity of walls. The most popular and attractive 
theory, suggested by Bennet-Clark (5), involves controlled changes in the 
amount of cross linking between carboxyl groups of pectic acid, primarily 
through the medium of calcium bridges. Some of the evidence in favor of 
this hypothesis is that added calcium is a strong inhibitor of cell expansion 
(5) and reduces wall plasticity (61), chelating agents often stimulate cell 
expansion (5), pectin methylesterase enzyme shows responses to auxin (12, 20), 
and some effects of auxin on incorporation of isotope into the methyl esters of 
pectic substance have been demonstrated (37). Unfortunately, a review of 
recent studies (52) shows that in spite of this indirect evidence the pectin- 
bridge hypothesis remains unsubstantiated. For example, auxin-stimulated 
pectin methylesterase responses (26) and isotope incorporation into pectin 
methyl-ester from methionine (15) do not appear to be general reactions, 
and calcium levels in walls are unaffected by either auxin (16) or chelating 
agents (13). 
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Recent chemical analyses indicate that the main bulk of the matrix in oat 
coleoptiles consists of hemicelluloses and it has been suggested that these 
compounds may control wall rigidity (7). Unfortunately the hemicelluloses 
do not possess an obvious capacity for reaction as do the pectic substances 
and isotope incorporation studies have, to date, not revealed an obvious 
response of hemicelluloses to growth substance. The matrix of the wall there- 
fore remains a possible important center of growth control but the biochemical 
nature of such reaction is unknown. 


Microfibrillar Arrangement 

Apart from a possible role in controlling cell expansion, as iil above, 
walls are of basic importance in determining the form and structural char- 
acteristics of cells. This aspect of walls is in turn largely dependent on the 
semirigid microfibrillar component which functions somewhat as the steel 
network within reinforced concrete. Obviously the factors which control 
number, orientation, and arrangement of microfibrils within the wall are of 
considerable significance in cell development and differentiation. 

Early in the study of organization within expanding walls one common 
structural plan became evident; in thin-walled parenchyma cells the majority 
of microfibrils were shown to be oriented more or less transversely to the cell 
axis producing what Frey-Wyssling (19) termed “tubular texture’. In the 
last few years several studies have led to a partial explanation of how such a 
structure is developed and maintained. First, marker experiments (14) and 
studies on pit-field distribution (67) showed that walls in typical primary 
tissue grow by expansion over the entire surface rather than by localized 
expansion at cell tips. As a corollary, autoradiographic studies (9, 49, 51, 68) 
indicated that in such cells deposition of microfibrils also occurs evenly over 
the entire wall. Second, it was recognized by Roelofsen and Houwink (47) 
that in cells with tubular texture the microfibrils on the inner surface were 
closely oriented in the transverse direction while those on the outer surface 
showed considerable disorientation, with numbers approaching longitudinal. 
From this observation these authors proposed the multinet theory of wall 
growth, which assumes that microfibrils are deposited at the protoplasmic sur- 
face in the transverse direction and through cell elongation are gradually 
pulled into an approximately longitudinal orientation while at the same time 
being thinned out. As growth proceeds, new transverse microfibrils are con- 





Fics. 23-27. Transverse sections of walls of cortical cells in elongation zone of bean 
stems. Walls extracted with pectinase to reveal cellulose microfibrils. Embedding medium 
removed, sections shadowed with palladium-gold. Arrows point toward centers of cell 
lumens. 

Fic. 23. Junction of three cells near outside of cortex. Note the multilayers of long- 
itudinal microfibrils. X 8000 

Fic. 24. As in Fig. 23, deeper in cortex. Fewer layers of longitudinal microfibrils 
present. X 10,500 

Fic. 25. Walls of two cells deep in the cortex. These are typical parenchyma walls. 
X 10,500 

Fic. 26. Junction of three cells on the upper side of a stem under horizontal stress. 
Apart from the normal layers of longitudinal microfibrils, as in Fig. 1, numerous extra 
layers have been added on the inside (A). X 5000 
Fic. 27. Walls from lower side of a stem under horizontal stress. X 7500 
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tinually deposited on the inside to compensate for the thinning, thereby giving 
a steady state situation in which transverse microfibrils predominate and the 
wall continually shows negative birefringence. Multinet structure has been 
shown to be present in several types of hair cells (47) and parenchyma cells 
(49, 50, 68, 69) and has been elegantly demonstrated by Green in the thick- 
ened walls of Nitella (23), which appear to be an extreme case. Thus the 
multinet mechanism seems of general applicability to regions of growing walls 
which show negative birefringence and tubular texture. 

Not all regions of growing walls are of this type, however. Majumdar and 
Preston (32) showed years ago with the polarizing microscope that the thick- 
ened primary walls of collenchyma cells have longitudinally oriented cellulose 
predominating. We have performed electron microscope analyses on both 
collenchyma (4) and epidermal walls (2) and have shown that a common 
feature of thickened primary walls is the presence of multilayers of longitudinal 
microfibrils. In addition, several workers have recently shown that longitudinal 
ribs of microfibrils are present on the outer surface of parenchyma cells and 
are part of the primary wall (9, 50, 69). There is thus a range of primary wall 
types from those showing almost pure multinet structure to those showing 
predominately organized layers of longitudinal microfibrils. This range of 
primary wall structure is well illustrated by the cortical cells in young bean 
stems where, as shown in Figs. 23-25, the outer cells show considerable num- 
bers of layers of longitudinal microfibrils while the cells deeper in the cortex 
show progressively fewer longitudinal microfibrils and approach the structure 
of simple parenchyma with predominant multinet structure and a few single- 
layered ribs of longitudinal microfibrils. These results indicate that the form 
of primary walls is in large measure dependent on the relative balance between 
the transverse and longitudinal microfibrils present. 

This consideration focusses attention on the central outstanding problem 
of wall structure and development, the nature of the mechanisms controlling 
microfibril deposition. At present there is essentially no direct knowledge of 
either the biochemical processes responsible for microfibril formation or the 
mechanisms which control the orientation of microfibrils as they are deposited. 
The latter process undoubtedly involves, at least in part, organization within 
the cytoplasm but apparently this organization must be at a level not revealed 
by present electron microscope techniques since no obvious relation between 
cytoplasmic organelles and wall structure has yet been demonstrated (51). 

One obvious approach to study of processes controlling microfibril deposition 
is through experimental modification of the normal system. Unfortunately, 
so far this approach has proved unexpectedly difficult since deposition and 
elongation seem closely coupled and interference with one process generally 
upsets the other (52). We have, however, examined one system in which some 
modification of wall organization is possible. As described by Boysen-Jensen 
(11), if a young bean stem is grown horizontally in a glass tube which prevents 
upward bending, the cortical cells on the lower side expand radially and 
retain their wall thickness while those on the upper side remain about the 
same diameter but develop thicker walls. An electron microscope analysis 
of the microfibrillar arrangement in these walls shows that in the cells on the 
lower side of the horizontal stem microfibrils more or less transverse to the 
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cell axis are being deposited (Fig. 27) while on the upper side numerous layers 
of longitudinal microfibrils appear (Fig. 26). The direction of deposition in both 
areas may be reversed by rotating the confined stem through 180°. Here then, 
direction of microfibril deposition is directly influenced by an experimental 
treatment but unfortunately interpretation is difficult. Probably the differ- 
ential deposition of microfibrils represents an indirect response of the cells 
to the complex situation in the confined horizontal stem. In response to 
auxin-stimulated expansion on the lower side transverse microfibrils are laid 
down while on the upper side, which is subjected to extreme bending stresses, 
the cells respond by adding stiffening layers of longitudinal microfibrils. The 
key question remains, however, what is the means of such responses? We 
have attempted to detect differences in cytoplasmic organization on the two 
sides of the stem but, owing to generally poor fixation of these vacuolate cells, 
we have been unsuccessful. Thus the central problem of microfibril deposition 
remains unanswered and will probably require new approaches to cytoplasm— 
wall interaction for elucidation. 


Conclusion 


As stated in the Introduction the purpose of this paper was to present some 
evidence which bears on the relationship between structure in plant cells and 
physiological processes involved in growth and development. It becomes 
obvious, however, that although advances have been made in recent years 
we are still far from any general understanding of the integrated function 
of cell organelles in developmental processes, and probably the main value of 
this discussion has been to point up a few of the problems in plant-cell physiol- 
ogy relating to growth. The specific problems raised may be briefly summarized 
as follows: 

(1) Unlike the situation with other cell organelles, of which the fine structure 
is reasonably well known, the organization within the nucleus remains essen- 
tially undescribed. It is thus impossible at present to give very meaningful 
structural interpretation to the various metabolic functions proposed for the 
nucleus and nucleolus. Possibly new methods of fixation and electron staining 
will help clarify this situation. 

(2) Apart from the structural situation within the nucleus the physiological 
processes which regulate cell division are also of direct importance in cell and 
tissue development. The results presented here suggest that several different 
mechanisms of control may exist, but at present the actual biochemical re- 
actions involved are unknown. 

(3) Concerning the cytoplasm, although the structure and function of the 
major organelles, the plastids and mitochondria, are reasonably well known, 
the physiological role of the remaining prominent structures, dictyosomes, 
endoplasmic reticulum, vesicular membranes, and ribosomes, is still prob- 
lematic. The results presented indicate that these latter elements undergo 
considerable change as cell enlargement proceeds and the physiological 
consequences of these changes are probably of significance in developmental 
processes. 

(4) The polysaccharide matrix of primary cell walls appears as a possible site 
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of growth regulation through control of wall plasticity. However, the chemical 
basis of such regulation remains unknown and more rigorous chemical study 
than that undertaken to date will probably be required before this problem 
yields. 

(5) Arrangement of microfibrils within walls is now fairly well understood 
but the processes responsible for this arrangement are obscure. This problem 
involves both the biochemical reactions involved in microfibril production 
and a type of cytoplasmic organization involved in microfibril orientation 
which has not yet been appreciated. 


to 
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